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1.  INTRODUCTION 


l.A.  Positrons 

The  positron  (e+)  is  the  antimatter  counterpart  to  the  electron  (e‘)  [1-4].  It  has  the  same 
rest  mass  (me)  and  intrinsic  spin  (V2)  as  the  electron,  but  it  carries  an  opposite  (positive)  electrical 
charge.  Positrons  are  inherently  stable  particles  and  do  not  decay  in  isolation;  however,  any 
positron  which  finds  itself  in  our  normal  matter  world  will  quickly  annihilate  with  one  of  the 
many  readily  available  electrons,  converting  the  combined  positron+electron  mass  into  energy. 
This  energy  usually  appears  as  gamma  radiation  (photons),  with  the  sum  of  the  gamma  ray 
energies  (measured  in  the  center-of-mass  rest  frame)  given  by  E  =  2  me  c  a  1 .02  MeV. 

Positrons  are  used  routinely  in  dozens  of  laboratories  worldwide  as  the  basis  of  a  number 
of  diagnostic  techniques  for  characterizing  a  wide  variety  of  materials  [1-3].  The  gamma  rays 
emitted  by  electron-positron  annihilation  encode  a  wealth  of  information  about  the  environment 
in  which  the  annihilation  process  takes  place.  Positrons  tend  to  scatter  from,  and  localize  and 
annihilate  at,  defects  in  materials.  Since  voids  and  other  defects  in  energetic  materials  ( e.g . 
explosives)  are  postulated  to  serve  as  “hot  spots”  influencing  initiation  sensitivities  [5],  positron- 
based  diagnostics  may  prove  valuable  in  the  development  and  evaluation  of  new  insensitive 
energetic  materials.  This  application  provides  a  near  term  payoff  for  our  investments  in 
improving  our  ability  to  produce  and  control  positrons. 

An  intriguing  mid-term  payoff  is  described  in  proposals  for  an  electron-positron 
stimulated  annihilation  tabletop  gamma  ray  laser  [6-13].  One  scheme  begins  with  the  production 
and  cooling  of  positronium  “atoms”  (Ps,  a  bound  electron-positron  pair)  in  a  sub-micron  cavity 
in  an  insulating  material.  At  sufficiently  high  concentrations  and  low  temperatures,  some  of  the 
surviving  positronium  atoms  are  expected  to  form  a  Bose-Einstein  condensate;  a  necessary  first 
step  towards  stimulated  annihilation.  The  recent  successful  demonstration  of  the  production  of 
di-positronium  (PS2)  [13]  bodes  well  for  this  effort. 
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Figure  1.  Reality  check  c2003 
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Finally,  the  energy  density  available  from  electron-positron  annihilation  is  simply 
astonishing:  E/me  =  2  c2  «  1.8xl017  J/kg  =  180  MJ/pg;  which  is  more  than  ten  orders  of 
magnitude  larger  than  the  energy  densities  of  chemical  explosives  or  propellants  (!)  [5].  Since 
this  annihilation  energy  is  released  primarily  as  low  energy  gamma  rays,  in  a  manner  which  does 
not  produce  any  radioactive  waste  or  induce  secondary  radioactivity  in  the  surroundings,  it  is 
especially  attractive  for  future  munitions,  propulsion,  and  power  applications  [4], 

However,  as  depicted  in  Figure  1,  we  recognize  that  many  (over  a  dozen)  orders-of- 
magnitude  improvements  in  our  ability  to  produce,  manipulate,  and  store  antimatter  will  be 
required  before  practical  antimatter  energy  storage  becomes  a  reality.  This  will  require  the 
discovery  of  new  approaches  to  positron  production  and  storage  [14-16],  and  we  expect  that  any 
such  applications  lay  many  decades  (if  not  centuries)  in  the  future.  This  Report  describes  our 
(unsuccessful)  effort  to  provide  one  of  those  dozen  order-of-magnitude  improvements. 

l.B.  Positron  Moderation 

As  shown  in  Figure  2,  positrons  are  produced  in  the  laboratory  by  either:  (a)  electron- 
positron  pair  production  in  high  atomic  number  targets  bombarded  by  energetic  electrons,  or  (b) 
P+  decay  of  radioisotopes  such  as  22Na  [1],  Both  approaches  produce  fast  positrons  with  a  wide 
range  of  kinetic  energies  (KEs),  typically  several  hundred  keV.  An  integral  step  in  every  low 
energy  positron  trapping  scheme  is  the  “moderation”  or  slowing  down  of  the  fast  nascent 
positrons  to  KEs  ~  1  eV  [1].  Tightening  up  the  positron  kinetic  energy  distribution  (KED)  is 
required  so  that  the  electromagnetic  fields  employed  in  subsequent  manipulation  and  trapping 
steps  act  upon  all  positrons  as  equally  as  possible.  We  note  that  electromagnetic  trapping  of 
positrons  as  a  non-neutral  single  component  plasma  is  problematic,  with  the  energy  invested  in 
the  trapping  fields  necessarily  always  exceeding  the  rest  mass  energy  of  the  trapped  positrons 
[14-16],  These  limitations  have  motivated  considerable  interest  in  novel  approaches  to  stabilize 
and  trap  electrically  neutral  positronium  atoms  in  crossed  electric  and  magnetic  fields  [17-19]. 


Figure  2.  Generic  positron  production/moderation/storage  scheme 
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Figure  3.  Positron  moderation  physics  cartoon 

We  decided  early  on  to  narrow  the  scope  of  this  in-house  research  project  to  improving 
the  efficiency  of  the  positron  moderation  step.  The  best  positron  moderators  presently  known 
are  thin  cryogenic  rare  gas  solid  films  [20-26];  efficiencies  of  s  ~  1  %  have  been  demonstrated 
for  solid  neon  (Ne)  —  the  other  99  %  of  the  nascent  fast  positrons  are  wasted.  As  shown  in 
Figure  3,  fast  positrons  rapidly  lose  most  of  their  KE  in  any  material  by  inelastic  collisions 
producing  ionization  and  electronic  excitations.  However,  in  an  insulator  such  as  solid  Ne,  such 
events  become  impossible  when  the  positron  KE  drops  below  a  threshold  energy  comparable  to 
the  valence/conduction  band  gap  [22],  The  resulting  “epithermal”  positrons  can  only  lose  energy 
via  the  relatively  inefficient  creation  of  phonons  (lattice  vibrations),  leading  to  a  period  of  “hot 
diffusion”  during  which  they  can  travel  a  distance  L+  ~  1  pm  [1],  Positrons  that  approach  the 
surface  of  the  solid  with  sufficient  energy  to  overcome  the  moderator’s  positron  work  function 
(<J>+)  can  escape  into  vacuum. 

Early  experiments  indicated  that  solid  Ne  is  an  intrinsically  superior  positron  moderator 
than  the  heavier  rare  gases  (Rg)  [20],  However,  more  recent  work  has  demonstrated  nearly  as 
good  moderation  efficiencies  for  properly  prepared  argon  (Ar),  krypton  (Kr),  and  xenon  (Xe) 
films  [23-26],  Our  conjecture  is  that  the  key  factor  in  determining  the  positron  moderation 
efficiency  is  the  crystalline  quality  of  the  deposit,  which  depends  strongly  on  sample  preparation 
conditions  and  annealing  history.  Epithermal  positrons  can  scatter  from  impurities  and  crystal 
defects,  lowering  their  characteristic  diffusion  length,  and  hence  their  probability  of  reaching  the 
solid  surface  and  escaping  into  vacuum.  Nearly  thermalized  positrons  can  localize  and  annihilate 
at  gross  defects,  such  as  crystallite  grain  boundaries,  further  reducing  their  survival  probability. 

In  hindsight,  the  apparent  superiority  of  Ne  as  a  moderator  is  probably  due  to  the  relative  ease  of 
preparation  of  better  quality  (poly)crystalline  Ne  solids  via  the  highly  non-equilibrium  vapor 
deposition  process.  This  follows  from  the  greater  mobility  of  Ne  atoms  during  sample 
condensation,  which  is  due  to  their  smaller  mass  and  weaker  interatomic  forces;  all  these 
comparisons  being  relative  to  the  heavier  Rg.  However,  experiments  on  the  structure  of  Ne 
solids  grown  under  similar  conditions  indicate  a  crystallite  grain  size  ~  100  nm,  with  voids  of  up 
to  100  nm  size  also  present  [27].  Thus,  even  these  supposedly  “superior”  Ne  solids  include  gross 
defects  at  high  enough  concentrations  to  potentially  impede  the  transport  of  the  epithermal 
positrons  along  their  L+  ~  1  pm  long  hot  diffusion  path  to  the  moderator  surface. 
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Figure  4.  Theoretical  positron  moderation  efficiencies  vs.  L +/ 1 

We  have  performed  a  theoretical  analysis  of  the  potential  for  improvement  in  positron 
moderation  efficiency  (see  Appendix  A),  extending  a  simple  one-dimensional  reflection 
geometry  moderation  model  [1]  which  includes  the  characteristic  implantation  depth  (£)  for  fast 
positrons  and  the  characteristic  hot  diffusion  length  (L+)  for  epithermal  positrons.  In  summary: 
Figure  4  shows  that  nearly  two  orders-of-magnitude  higher  positron  moderation  efficiencies  are 
theoretically  possible  in  a  material  for  which  the  range  of  the  epithermal  positrons  can  be  made 
comparable  to  the  fast  positron  implantation  depth.  We  thus  focus  our  attention  towards  finding 
a  new  moderator  material  which  is  similar  to  the  current  champion,  solid  Ne,  but  which  can  be 
prepared  as  a  lower-defect-concentration  vapor  deposited  solid;  minimizing  the  undesired 
trapping  and  annihilation  of  the  positrons  and  correspondingly  increasing  their  ability  to  reach 
the  moderator  surface  and  escape.  Nature  provides  us  with  one  particularly  intriguing  candidate: 
solid  parahydrogen  (pH2)  [28]. 

l.C.  The  Case  for  Solid  pH2  as  a  Candidate  Positron  Moderator 

This  project  builds  upon  previous  Air  Force  Research  Laboratory  (AFRL)  in-house 
research  on  the  production  and  spectroscopic  characterization  of  low-defect-concentration  vapor- 
deposited  cryogenic  pH2  solids;  work  performed  within  the  High  Energy  Density  Matter 
(HEDM)  program  [29].  To  the  best  of  our  knowledge,  solid  pH2  has  never  been  investigated  as  a 
positron  moderator  (although  both  Rg  and  hydrogenic  solids  have  been  used  successfully  to 
moderate  energetic  muons  [30-32]).  At  the  beginning  of  this  project  (c2003),  we  proposed  that 
the  unique  properties  of  solid  pH2  may  yield  significant  advantages  in  this  role. 

Table  1  compares  some  structural  and  dynamical  properties  of  the  Rg  solids  and  solid 
pH2,  including:  atomic  number  Z  [33],  molecular  mass  M  [33],  molar  volume  Vm  [34],  bulk 
density  po  [35],  number  density  no  [36],  nearest  neighbor  separation  rnn  [34,35],  and  the  Debye 
temperature  ©d  [34,35];  unattributed  quantities  are  calculated  using  a  value  of  Na  =  6.022xl023 
for  Avogadro’s  constant. 
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Table  1.  Comparison  of  structural  and  dynamical  properties  of  Rg  and  pH2  solids; 
a  =  [33],  b  =  [34],  c  =  [35] 


solid 

Z 

M  (amu) 

Vm  (cm3/mol) 

p0  (g/cm3) 

n0  (cm'3) 

l*nn  (^) 

©d(K) 

pH2 

2a 

2.02a 

23 . 1 6b 

0.087 

2.60x1 022 

3.79b 

120b 

Ne 

10a 

20.18a 

13.8 

1 .5 1 c 

4.36xl022c 

3.16° 

75c 

Ar 

18a 

39.95a 

22.6 

1.77° 

2.66x1022c 

3.76c 

92° 

Kr 

36a 

83.80a 

27.8 

3.09c 

2.17x1022c 

4.00c 

72° 

Xe 

54a 

131.29a 

36.7 

3.78c 

1.64x1022c 

4.34c 

64c 

Solid  pH2  is  the  lowest  mass  density  and  lowest  atomic  number  crystalline  solid  material 
which  can  support  a  free  vacuum  surface  (neither  3He  nor  4He  solidify  at  zero  pressure  even  at  T 
=  0  K  [35]).  At  liquid  helium  (lHe)  temperatures  (i.e.  1  <  T  <  5  K),  essentially  all  the  H2 
molecules  in  a  pH2  solid  exist  in  their  ground  electronic  ('Xg+),  vibrational  (v=0),  and  rotational 
(J=0)  states  [34],  The  free  rotation  and  hence  spherical  nature  of  the  pH2  molecule  is  nearly 
perfectly  preserved  in  the  solid  state  [36],  Thus,  solid  pH2  more  closely  resembles  an  atomic  Rg 
solid  rather  than  a  molecular  van  der  Waals  solid  such  as  solid  nitrogen  (N2),  solid  oxygen  (02), 
or  solid  carbon  monoxide  (CO). 

The  resulting  absence  of  permanent  molecular  electrostatic  multipoles  contributes  to  very 
weak  attractive  pH2-pH2  intermolecular  interactions.  The  weak  intermolecular  interactions  and 
the  small  H2  mass  result  in  solid  pH2  existing  as  a  “translational  quantum  solid”  in  which  the  pH2 
molecules  experience  large  zero-point  excursions  in  a  very  flat  anharmonic  potential  about  their 
lattice  positions  [34],  The  small  restoring  forces  holding  the  pH2  molecules  to  their  lattice 
positions  translate  into  unusually  low  lattice  vibration  frequencies  for  such  a  low  mass  oscillator, 
embodied  by  the  relatively  low  Debye  temperature.  Solid  pH2  is  thus  an  extraordinarily 
compressible  and  “soft”  [37]  solid,  relative  to  the  Rg  solids  or  other  molecular  van  der  Waals 
solids.  For  example:  for  a  typical  van  der  Waals  solid  applying  a  pressure  of  P  «  10  kbar  results 
in  a  few  percent  change  in  density;  for  solid  pH2  applying  P  «  10  kbar  results  in  a  doubling  of  the 
density  [34], 

During  the  sample  vapor  deposition  process,  the  mobility  of  pH2  molecules  far  exceeds 
even  that  of  Ne  atoms,  facilitating  the  production  of  well-ordered  crystallites.  Solid  pH2  is  also 
supposed  to  possess  “self-healing”  [38]  properties  by  which  damage  to  the  crystal  incurred 
during  local  high-energy  deposition  events  (e.g. :  photodissociation  of  dopant  molecules)  is 
automatically  repaired.  Indeed,  pH2  solids  have  been  shown  to  retain  their  quality  even  under 
~  MRad  exposures  to  gamma  radiation  [39],  All  these  factors  support  the  fundamental  premise 
underlying  our  approach:  the  preparation  and  maintenance  of  low-defect-concentration  crystals 
should  be  substantially  easier  for  solid  pH?  than  for  any  of  the  solid  Rg,  including  solid  Ne. 

In  fact,  shadowgraph  images  of  vapor  deposited  pH2  solids  reveal  crystallite  diameters 
~  100  pm  [40],  which  is  three  orders-of-magnitude  larger  than  the  ~  100  nm  crystallites  observed 
in  vapor  deposited  Ne  solids  [27],  Thus,  if  scattering  of  epithermal  positrons  at  crystallite  grain 
boundaries  is  in  fact  the  dominant  scattering  mechanism,  we  anticipate  up  to  a  ~  lOOOx  increase 
in  the  range  of  epithermal  positrons  (L+)  in  solid  pH?  compared  to  solid  Ne! 
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Table  2.  Comparison  of  electronic  properties  of  Rg  and  pi  l 2  solids 
a  =  [44],  b  =  [45],  c  =  [46],  d  =  [47],  e  =  [48],, f=  [49],  g  =  [50],  h  =  [51] 


solid 

e2 

(eV) 

E* 

(eV) 

Wmax  [37  keV] 
(eV) 

K@T(K) 

S  [200  keV] 
(MeV  cm2/g) 

Icsda  [200  keV] 
(pm) 

pH2 

14. 5a 

10. 9C 

14. 0e 

1.297  @2K* 

5.9h 

2460h 

Ne 

21.7b 

17.4d 

17. 8e 

1.51  @  4  K8 

23* 

360^ 

Ar 

14. 2b 

12. ld 

12. 5e 

1.63  @20Kg 

23* 

360s 

Kr 

11. 6b 

10. 2d 

1.88  @20  Kg 

13* 

240* 

Xe 

9.3b 

8.4d 

2.19  @  20  K8 

1.6h 

210* 

The  only  other  fundamental  difference  between  epithermal  positron  transport  in  solid  Ne 
us1,  solid  pH2  is  the  possible  excitation  of  low  lying  rotational  (*  0.04  eV)  and  vibrational  (*  0.5 
eY)  energy  levels  in  solid  pH2  [34],  Such  effects  were  found  to  be  minor  for  epithermal 
positrons  in  solid  N2  [41];  however,  the  inelastic  cross  section  for  vibrational  excitation  of  H2  by 
positrons  is  ~  30  times  larger  than  for  N2,  and  each  collision  typically  transfers  -  10  times  the 
energy  [42,43],  Thus,  we  were  unsure  at  the  start  of  this  project  whether  these  low  lying 
rotational  and  vibrational  states  in  solid  pH2  would  have  either  detrimental  (e.g.  providing 
additional  localization  and  annihilation  channels)  or  beneficial  (e.g.  narrower  energy  distribution 
for  moderated  positrons)  consequences.  As  discussed  further  below  in  the  Results  section,  the 
surprisingly  poor  positron  moderation  performance  of  pH2  solids  points  to  the  former. 

Table  2  compares  some  electronic  properties  of  Rg  and  pH2  solids,  including:  the 
valence-conduction  band  gap  Eg  [44,45],  the  energy  of  the  lowest  lying  (n  =  1)  exciton  state  Ex 
[46,47],  the  energy  of  the  first  maximum  in  the  electron  energy  loss  spectrum  for  fast  (KE  =  37 
keV)  electrons  Wmax  [48],  the  zero-frequency  dielectric  constant  k  [49,50],  the  stopping  power 
for  fast  (KE  =  200  keV)  electrons  S  [51],  and  the  implantation  depth  for  a  200  keV  electron 
calculated  in  the  continuous  slowing  down  approximation  Icsda  [51-53].  Like  the  Rg  solids, 
solid  pH2  is  a  wide  band-gap  insulator;  its  ultraviolet  absorption  spectrum  shows  excitonic  and 
valence-conduction  band  gap  features  very  similar  to  those  for  the  Rg  solids  [44-47].  Electron 
energy  loss  measurements  on  moderately  fast  (KE  =  37  keV)  electrons  also  show  strong 
similarities  [48].  The  values  of  Icsda  listed  in  Table  2  are  calculated  using  an  on-line  version  of 
the  ESTAR  program  [51], 

All  these  factors  indicate  that  the  basic  mechanism  for  moderation  of  fast  charged 
particles  in  Rg  solids,  depicted  above  in  Figure  3  and  assumed  throughout  the  analysis 
summarized  in  Figure  4,  should  hold  for  solid  pH2  as  well.  The  low  solid  pH2  electron  density 
(ne  =  Z  n0  =  5.2x10  cm'  )  results  in  an  increased  implantation  depth  for  fast  electrons  (and 
positrons),  which  is  expected  to  increase  by  a  factor  of  «  7x  over  that  in  solid  Ne  [5 1],  However, 
we  gladly  sacrifice  this  7x  increase  in  l  in  return  for  the  prospect  of  a  lOOOx  increase  in  L+. 

Thus,  the  quotient  L +/ 1  is  conservatively  expected  to  increase  from  L+/ 1  ~  0.01  for  solid  neon  to 
at  least  L+/  £-0.1  for  solid  pH2,  leading  to  an  order-of-magnitude  improvement  in  positron 
moderation  efficiency,  again  provided  that  epithermal  positron  scattering  and  annihilation  at 
crystallite  grain  boundaries  is  indeed  the  major  loss  mechanism.  We  describe  below  side-by-side 
comparisons  of  pure  solid  pH2  and  pure  solid  Ne  positron  moderators  to  test  this  hypothesis. 
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l.D.  Project  Goals  and  Objectives 


The  primary  goal  of  this  project  is  to  develop  improved  efficiency  (si  cryogenic  solid 
positron  moderators  capable  of  a  1  Ox  performance  improvement  over  the  state-of-the-art  solid 
Ne  moderator  (snp  ~  1  %).  Secondary  goals  include  determining  the  relative  positron  moderation 
efficiencies  of  different  moderator  microstructures,  and  determining  the  mechanism(s) 
responsible  for  the  observed  decrease  in  performance  of  working  moderators. 

The  corresponding  primary  objective  is  thus  to  design,  construct,  validate,  and  exploit  a 
working  positron  moderation  apparatus  capable  of  providing  a  direct  comparison  between  solid 
Ne  and  other  candidate  cryogenic  solid  positron  moderators.  Achieving  the  secondary  goals 
requires  the  integration  of  diagnostics  capable  of  characterizing  moderator  microstructure,  to 
include  the  buildup  of  radiation  damage  and  the  presence  of  surface  and  bulk  impurities. 

l.E.  Technical  Challenges  and  Approaches 

A  fundamental  technical  challenge  is  the  manipulation  of  fast  and  slow  positrons.  We 
employ  a  standard  approach  to  obtaining  fast  positrons  from  an  ultrahigh  vacuum  (UHV) 
compatible  sealed  radioactive  22Na  source  which  emits  positrons  through  a  thin  (5  pm)  titanium 
(Ti)  window  [1-3],  After  a  long  regulatory  permitting  process  [54],  we  acquired  two  such  sealed 
sources,  with  nominal  initial  activities  of  1.0  mCi  and  0.1  mCi  measured  at  their  January  2007 
production  date.  Typical  practice  to  maximize  the  yield  of  slow  positrons  is  to  incorporate  the 
22Na  source  into  a  recess  in  the  cryogenic  moderator  deposition  apparatus  [20,21],  The  Rg 
moderator  is  grown  by  vapor  deposition  directly  onto  the  Ti  window,  as  well  as  onto  the  interior 
surfaces  of  the  hollow  recess,  resulting  in  positron  moderation  via  combined  transmission  and 
reflection  processes.  We  instead  adopt  a  pure  reflection  moderation  geometry,  with  the  room 
temperature  Na  source  capable  of  independent  motion  relative  to  the  cryogenic  moderator 
deposition  substrate,  which  greatly  simplifies  the  interpretation  of  our  experimental  results. 


gamma  energy  (keV) 


Figure  5.  HPGe  gamma  spectrum  of  1  pCi  22Na  check  source  [MF10141D] 
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Figure  6.  Solid  pH2  Rapid  Vapor  Deposition  experimental  schematic  [55,56] 

Another  technical  challenge  is  the  unambiguous  detection  of  successfully  moderated  slow 
positrons.  Figure  5  shows  the  high-resolution  gamma  ray  spectrum  of  a  1  pCi  Na  check  source 
measured  using  a  high-purity  germanium  (HPGe)  detector.  The  peak  at  5 1 1  keV  is  due  to 
positron  annihilation  and  the  peak  at  1275  keV  to  the  decay  of  the  excited  22Ne  nucleus  formed 
in  the  positron  emission  process  [1].  This  spectrum  points  out  the  difficulty  in  detecting  slow 
positrons  in  the  vicinity  of  the  22Na  source.  Our  approach  is  to  separate  the  slow  positrons  using 
weak  electromagnetic  fields  that  have  minimal  effect  on  fast  positrons,  and  to  transport  the  slow 
positrons  to  a  “quieter”  radiation  environment  for  detection. 

We  address  the  technical  challenges  of  producing  and  characterizing  our  positron 
moderators  by  adapting  the  cryogenic  solid  vapor  deposition  scheme  with  open  optical  access 
pictured  in  Figure  6.  In  our  prior  HEDM  research  effort,  we  learned  to  produce  very  high  quality 
(poly)crystalline  pH2  solids  by  Rapid  Vapor  Deposition  (RVD)  [55]  of  pre-cooled  pH2  gas 
produced  in  an  ortho/para  (o/p)  converter  [56]  onto  a  «  2  K  substrate  in  vacuum.  The  excellent 
optical  transparency  of  our  pH2  solids  enables  their  detailed  spectroscopic  characterization  via 
analysis  of  the  condensed-phase-induced  infrared  (IR)  absorption  and  Raman  scattering  spectra. 
We  speculate  that  the  good  (poly)crystallinity  of  our  samples  is  due  to  local  heating  and 
annealing  of  the  accreting  surface  layers  during  the  extraordinarily  fast  rapid  vapor  deposition 
process [57]. 

Figure  7  shows  a  notional  experimental  schematic  which  summarizes  the  various 
elements  of  our  approach:  an  independently  moveable  22Na  source  of  fast  positrons,  RVD 
production  and  IR  spectroscopic  characterization  of  cryogenic  solid  moderators,  electrostatic 
collection  and  magnetically  guided  transport  of  slow  moderated  positrons,  detection  of  slow 
positrons  in  a  separate  annihilation  chamber.  Figure  8  shows  the  evolution  of  this  notional 
design  showing  explicitly  the  long,  bent  slow  positron  transport  tube  scaled  to  fit  onto  a  4x4-foot 
optical  table.  The  sharp  90°  bend  in  this  tube  is  intended  to  cause  fast  unmoderated  positrons  to 
impact  the  tube  wall,  thus  preventing  them  from  reaching  the  annihilation  chamber. 
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Figure  7.  Notional  experimental  schematic  diagram 

Other  remaining  technical  challenges  (i.e.  known  unknowns)  arise  from  our  initial 
assumptions,  and  can  be  stated  as  questions  to  be  answered  over  the  course  of  this  project.  Is  the 
range  of  hyperthermal  positrons  really  limited  by  crystal  defects,  or  is  it  instead  limited  by 
positron-phonon  scattering  [22]?  Will  the  low  lying  rotational  and  vibrational  states  in  solid  pH2 
prove  beneficial  or  detrimental  to  efficient  positron  moderation?  Will  the  chosen  spectroscopic 
diagnostics  be  capable  of  distinguishing  between  the  incorporation  of  bulk  impurities,  the 
buildup  of  surface  impurities,  and  the  accumulation  of  radiation  damage?  Will  our  non-standard 
positron  moderation  experimental  configuration,  with  its  open  optical  access  to  the  moderator, 
introduce  unanticipated  artifacts  that  will  interfere  with  our  measurements? 


Annihilation 

Chamber 


Figure  8.  Evolving  notional  experimental  schematic 
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2.  EXPERIMENTAL 


2.A.  22Na  Positron  Sources 

22 

Figure  9  shows  sketches  of  the  Na  source  manipulator  assembly  in  “Storage”  (i.e. 
source  retracted)  and  “Active”  modes.  The  source  is  attached  to  an  electric-motor-driven 
translation  stage  which  is  controlled  manually  with  a  handheld  control  switch. 

Storage  Mode  Active  Mode 


Figure  9.  22Na  source  manipulator  schematic 


Figure  10  shows  a  photo  of  the  Elkonite  tungsten/copper  alloy  shielding  which 
completely  surrounds  the  22Na  source  in  Storage  mode.  Although  unnecessary  from  an 


Figure  10.  Photo  of  Elkonite  shielding  surrounding  22Na  source  manipulator 
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occupational  safety  standpoint,  we  included  this  extra  gamma  radiation  shielding  under  the 
ALARA  (as  low  as  reasonably  achievable)  operating  philosophy  [58],  The  half-life  of  22Na  is 
ty2  =  2.60  years  [1],  and  the  fractional  remaining  activity  of  a  radioactive  source  is  given  by: 

A(t)  /  A0  =  exp  [-t/(  1.44  t/2)]  (1) 

We  performed  all  our  positron  moderation  experiments  with  the  Na  source  having  a  nominal 
original  activity  Ao  =  1.0  mCi  (January  2007).  We  installed  the  source  into  our  apparatus  in 
September  2010,  by  which  time  its  activity  had  decayed  to  *  370  pCi.  Note  that  this  is  less  than 
the  400  pCi  annual  limit  of  intake  (ALI)  for  oral  ingestion  of  Na  [59].  Most  of  our  positron 
moderation  experiments  were  performed  in  September  and  October  2010;  with  the  remainder 
taking  place  in  September  2011,  when  the  Na  source  activity  had  decayed  to  «  280  pCi. 

2.B.  Production  of  Cryogenic  Solid  Moderators 

As  shown  above  in  Figures  7-9,  the  cryogenic  solid  moderator  deposition  substrate  is 
located  at  the  center  of  the  UHY  Moderation  chamber.  The  deposition  substrate  is  cooled  by  a 
lHe  transfer  cryostat,  the  top  of  which  is  visible  in  the  photo  in  Figure  10,  just  behind  and  to  the 
right  of  the  Elkonite  shielding  block.  The  top  right  comer  of  Figure  10  shows  our  provision  for 
pumping  on  the  gaseous  He  exhaust,  which  allows  us  to  cool  the  cryostat  cold-tip  to  T  «  2  K. 

Figure  6  above  shows  our  scheme  for  RVD  of  pH2  solids  onto  a  transparent  substrate; 
developed  at  Edwards  AFB  during  the  HEDM  program.  The  room-temperature  normal-H2  (nH2) 
gas  passes  through  an  o/p-converter  cooled  by  an  independent  closed-cycle  He  refrigerator  [56], 
The  o/p-converter  contains  a  catalyst  which  speeds  the  kinetics  of  the  ortho-para  conversion 
process  so  that  the  H2  gas  comes  to  equilibrium  at  the  temperature  of  the  converter.  Figure  1 1 
shows  the  residual  oH2  fraction  in  equilibrated-H2  (eH2)  as  a  function  of  temperature,  calculated 
for  an  ensemble  of  non-interacting  rigid  rotors  [28]  with  rotational  constant  B(H2)  =  59.3  cm-1. 


Figure  11.  Residual  oH2  fraction  vs.  T  [28] 
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Figure  12.  UHV  compatible  o/p-converter  drawings 

Figure  12  shows  drawings  of  the  UHV  compatible  o/p  converter  we  designed  and 
constructed  specially  for  our  positron  moderation  experiments.  Using  glass  wool  plugs,  we 
constrain  «  1  g  of  APACHI  catalyst  [34]  to  the  central  0.6  m  portion  of  a  0.8-m-long  section  of 
1/8-inch  diameter  Cu  refrigeration  tubing.  We  wind  this  catalyst-packed  tubing  into  a  double 
coil  and  extend  the  open  ends  through  the  compression  fittings  in  the  converter’s  cover.  We  pot 
the  coils  into  the  cup  with  silver-filled  epoxy,  and  seal  the  cover  onto  the  cup  with  an  indium  foil 
gasket.  This  arrangement  seals  the  epoxy  within  the  converter,  exposing  only  metal  surfaces  to 
the  vacuum  chamber.  Figure  13  shows  a  photo  of  the  assembled  o/p  converter,  attached  to  the 
closed-cycle  cryostat  cold-tip,  and  with  nH2  inlet  and  original  Cu  pH2  delivery  tubing  in  place. 


Figure  13.  Photo  of  UHV  compatible  o/p-converter  mounted  on  closed-cycle  cryostat 
insert 
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Figure  14.  Photo  of  Moderation  chamber  interior  showing  gas  delivery  tubes 

Figure  14  shows  a  top  view  of  the  interior  of  the  Moderation  chamber,  with  the  o/p 
converter  in  place  and  sporting  the  final  stainless  steel  (SS)  pH2  delivery  tube.  The  slightly 
larger  diameter  SS  tube  visible  just  above  the  pFF  delivery  tube  is  connected  through  a  fine 
metering  valve  to  an  independent  dopant  gas  handling  manifold. 

Disposing  of  H2  gas  used  in  our  experiments  raises  certain  safety  concerns  [60].  Since 
mixtures  of  H2  +  air  +  N2  containing  less  than  5  %  02  are  not  flammable  regardless  of  the  H2 
content  [61],  as  shown  in  Figure  15  we  purge  the  mechanical  vacuum  pump  inlets  and  exhaust 
lines  with  gaseous  N2  having  a  maximum  permissible  02  concentration  of  3  %. 

Col  id  H8  deposition  e  perinen  +  ol  scFe  no  Fit; 

Bi t:lg  B i j i j  ,  F1  ivi ,  11  1 . F1  D l  M  F ot  j 1  j  ndo .  e - 9 1 j e 7  1 


Figure  15.  Schematic  of  N2  purge  gas  system 
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2.C.  High  Resolution  IR  Spectroscopic  Characterization 

We  have  already  reported  most  of  the  novel  results  on  IR  spectroscopic  characterization 
of  pH2  solids  obtained  during  this  project  in  two  peer-reviewed  journal  articles  [62,63]  and  in  a 
book  chapter  [64],  Here,  we  briefly  summarize  those  results  most  relevant  to  the  experimental 
determination  of  sample  thicknesses,  dopant  concentrations,  and  sample  microstructure. 

2.C.I.  Solid  pH2  thickness  determinations 

Figure  16  shows  the  condensed-phase-induced  IR  absorption  spectrum  of  a  nominally 
pure  2.8-mm-thick  pH2  solid  deposited  on  a  transparent  BaF2  substrate  at  T  =  2.4  K  [64], 
obtained  in  transmission  geometry  using  the  apparatus  depicted  above  in  Figure  6.  We  have 
previously  reported  on  the  use  of  these  absorptions  to  determine  the  thicknesses  of  our  solid  pH2 
samples  [64,65],  Table  3  summarizes  various  functions  of  the  Qi(0)  +  So(0)  and  Si(0)  +  So(0) 
absorption  band  integrated  intensities,  abbreviated  as:  I^Q+sd  v  and  jAs+sd  v  ,  respectively. 


Figure  16.  Condensed-phase-induced  IR  absorptions  in  pure  solid  pH2  [64] 


Table  3.  Solid  pH2  optical  path  length  determination 
"Q+S"  =  QrfO)  +  S0(0);  4495  to  4520  cm-1.  "S+S"  =  Si(0 )  +  S0(0)  ;  4825  to  4855  cm-1. 
A4,0[Qi{(0)J  =  Ai0(4228.5  cm'1) -A10(4100  cm-1). 

The  stated  uncertainties  indicate  the  95%  confidence  limits 


Quantity 

Old  value  from 
Ref.  [65] 

Recommended 
value  [64] 

j Aq+s civ  / jAs+s d v 

13.0  ±0.4 

12.9  ±0.2 

1  Aq+s  d  v  /  d 

82  ±  3  cm-2 

90  ±  2  cm-2 

{As+s^/v  /  d 

6.3  ±  0.3  cm-2 

7.0  ±  0.2  cm-2 

AA1o[0r(O)]/J 

— 

0.90  ±  0.03  cm-1 
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Figure  17.  Integration  baselines  for  determining  pH2  sample  thickness  [ML01 129.9] 

Figure  17  shows  an  absorption  spectrum  obtained  by  combined  reflection/transmission  at 
45°  incidence  through  a  pure  pH2  solid  deposited  on  the  Au  coated  Cu  (Au/Cu)  substrate  in  our 
Moderation  chamber.  The  lineshapes  are  very  similar,  but  not  identical,  to  those  shown  in  Figure 
16.  We  have  confirmed  that  the  integrated  intensities  of  the  Q+S  and  S+S  features  are  relatively 
insensitive  to  deposition-condition-dependent  microstructure  and  IR  diagnostic  polarization 
effects.  Thus,  we  can  safely  adopt  the  results  from  our  old  single-pass  transmission  geometry 
experiments  to  our  new  reflection/transmission  setup.  Figure  17  also  illustrates  that  our  chosen 
integration  baselines  for  the  Q+S  and  S+S  features  are  not  simply  A i0=  0;  rather,  they  are  sloping 
line  segments  drawn  between  the  values  of^io(v )  at  the  integration  endpoints  listed  in  Table  3. 

2.C.2.  Detection  of  intentional  dopants  and  unintentional  impurities 

The  spectrum  in  Figure  16  also  shows  a  very  weak  absorption  at  3765.5  cm'1,  indicating 
the  presence  of  isolated  FFO  molecules  as  an  unintentional  impurity  at  the  200  ppb  concentration 
level  [64],  Clearly,  direct  absorption  spectroscopy  in  the  open  800-4200  cm'1  spectral  region  is 
an  effective  way  to  detect  the  presence  of  IR  active  impurities.  We  can  move  from  simple 
detection  to  quantification  of  impurity  concentrations  by  suitable  application  of  the  Beer- 
Lambert  Law  [65],  However,  we  have  not  completed  this  analysis  for  most  of  our  IR  absorption 
data  from  positron  moderators,  and  so  report  nominal  dopant  concentrations  calculated  from  the 
amounts  of  dopant  and  host  gases  introduced  during  the  codeposition  process. 

Figure  18  shows  the  IR  activity  induced  in  the  pH?  host  by  the  presence  of  various 
electrically  neutral  and  charged  species.  Trace  (a)  is  for  the  pure  2.8-mm-thick  pH2  sample 
depicted  above  in  Figure  16;  (b)  is  for  a  3.6-mm-thick  2500  ppm  oH2  sample;  (c)  is  for  a  2.6- 
mm-thick  1000  ppm  Ar  sample,  (d)  is  for  a  2.8-mm-thick  1000  ppm  N2  sample;  (e)  is  for  a 
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VNawenLirba*  (cm1) 

Figure  18.  Dopant-induced  IR  absorptions  in  doped  solid  pH2  [64] 

1.6-mm-thick  tropolone-doped  sample;  (f)  is  for  a  1.4-mm-thick  sample  doped  by  laser  ablation 
of  solid  aluminum;  (g)  is  for  an  electron-bombarded  0.7-mm-thick  pH2  sample.  The  spectra  are 
presented  at  0.1  cm-1  resolution,  except  for  trace  (f)  which  is  shown  at  1.0  cm-1  resolution. 

Traces  (a)-(f)  are  single-pass  absorptions,  trace  (g)  is  a  45°-incidence  double-pass  absorption  of  a 
sample  deposited  onto  the  Au/Cu  metal  substrate  under  bombardment  by  5  keV  electrons.  All 
samples  included  in  Figure  18  are  shown  as-deposited  at  T  =  2.4  K,  except  for  trace  (d)  which  is 
undergoing  annealing  at  T  =  4.8  K.  These  spectra  demonstrate  our  ability  to  detect  the  presence 
of  relatively  large  (>  100  ppm)  concentrations  of  even  IR-inactive  impurities,  and  perhaps  also 
the  accumulated  products  of  radiation  damage,  in  our  solid  pH2  moderators. 

2.C.3.  Solid  pH2  microstructure  from  polarized  IR  spectra 

We  have  reported  extensively  on  the  fact  that  our  as-deposited  pure  RVD  pH2  solids  have 
a  mixed  hexagonal-close-packed/face-centered-cubic  (hcp/fcc)  structure,  which  anneals  to  nearly 
pure  hep  upon  warming  to  T  «  4.5  K;  with  the  hep  crystal  c-axis  roughly  aligned  with  the 
substrate  surface  normal  [64],  However,  we  still  do  not  have  any  information  about  the  sizes  of 
the  hep  and  fee  regions  produced  by  the  RVD  method;  they  might  be  visible  with  polarized 
optical  microscopy  [40],  or  intermingled  at  the  molecular  level,  or  anything  in  between. 

As  depicted  in  Figure  19,  the  single-substitutional  trapping  sites  in  hep  and  fee  solid  pH2 
are  of  D3h  and  Oh  symmetry,  respectively  [66,67],  The  most  obvious  differences  between  these 
trapping  environments  is  the  reduced  symmetry  of  the  D3h  site,  and  the  existence  of  a  unique 
direction  associated  with  the  hep  c-axis.  This  results  in  dopants  in  hep  sites  experiencing  a  much 
more  anisotropic  crystal  field  perturbation,  and  in  a  clear  polarization  dependence  for  certain 
dopant  rovibrational  transitions  relative  to  the  hep  c-axis  [62-64,66,67], 
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“face-centered  cubic”  “hexagonal  close-packed” 

fee  =>  Oh  site  symmetry,  hep  =>  D3h  site  symmetry, 
nearly  isotropic  unique  c-axis 


Figure  19.  Cartoon  of  fee  and  hep  single-substitutional  trapping  sites 

Figure  20  shows  a  sketch  of  our  Polarized  IR  Absorption  Spectroscopy  (PIRAS)  setup 
[62,63]  integrated  with  our  cryogenic  solid  moderator  deposition  scheme,  and  a  graphical 
depiction  of  the  “p-polarized”  (in  the  plane  of  reflection)  and  “s-polarized”  components  of  the  IR 
beam  [68].  We  designed  the  system  so  that  we  rotate  the  two  polarizers  together  to  eliminate  the 
effects  of  any  depolarization  during  the  reflection/absorption  process.  However,  we  have  never 
observed  this  effect,  and  a  single  polarizer  placed  after  the  sample  would  probably  suffice. 

Appendix  B  presents  a  naive  analysis  of  the  anticipated  spectroscopic  consequences  in 
the  special  case  of  perfect  alignment  of  the  hep  crystal  c-axis  with  the  substrate  surface  normal. 
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Figure  20.  Deposition  and  PIRAS  schematics 
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Figure  21.  4x4-foot  optical  table  layout 

Figure  21  shows  the  integration  of  the  IR  spectroscopy  optics  with  the  positron 
Moderation  and  Annihilation  vacuum  chambers  on  the  4x4-foot  optical  table.  The  IR  beam  from 
our  Bruker  IFS120HR  high-resolution  Fourier  Transform  IR  (FTIR)  spectrometer  enters  from 
the  left,  is  brought  to  a  secondary  focus  supplied  with  aperture  and  fdter  wheels,  is  recollimated 
and  then  focused  onto  the  deposition  substrate  by  a  combination  of  an  off-axis  paraboloid  and  a 
plane  mirror,  is  recollimated  again  and  sent  to  a  detector  farm  where  moveable  elliptical  mirrors 
focus  it  onto  one  of  several  (HgCdTe,  InSb,  GaAs,  or  Si)  IR  detectors.  We  operate  the  FTIR 
spectrometer  under  vacuum  (P  ~  10'5  torr)  and  the  remainder  of  the  optical  path  is  purged  to 
minimize  interference  from  atmospheric  water  vapor  and  CO2.  The  IR  polarizers  depicted  in 
Figure  20  are  located  in  the  convergent/divergent  parts  of  the  IR  beam  just  inside  the  purge 
boxes  and  adjacent  to  the  Moderation  vacuum  chamber. 

2.C.4.  Thin  film  reflection/transmission  at  45°  incidence 

For  the  simple  normal-incidence  single-pass  transmission  geometry  depicted  above  in 
Figure  6,  the  optical  path  length  through  the  cryogenic  solid  is  virtually  the  same  as  the  physical 
thickness.  The  multi-pass  contribution  to  the  transmitted  beam  intensity  due  to  the  weak  Fresnel 
reflections  [68]  at  the  moderator-substrate  and  moderator-vacuum  interfaces  is  ~  (5%)  x  (5%)  * 
0.003,  which  we  neglect. 

Figure  22  shows  the  relationship  between  optical  path  length,  £opt,  and  moderator 
thickness,  dmoci,  for  the  0o  =  45°  incidence  combined  reflection/transmission  geometry  through  a 
cryogenic  solid  moderator  deposited  on  the  Au/Cu  substrate  in  our  Moderation  chamber. 
Refraction  at  the  moderator-vacuum  interface  causes  the  IR  beam  to  bend  towards  the  surface 
normal  to  an  internal  angle,  0i,  given  by  Snell’s  Law  [68]: 

0;  =  sin ‘[(no/nOsi^Oo)]  (2) 
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where:  no  =  1.000  is  the  index  of  refraction  of  vacuum,  and  n,  is  the  index  of  refraction  of  the 
moderator.  The  moderator  thickness  and  optical  path  length  are  related  by: 

drnod  =  ‘/2  cos(0i)  £0pt  (3) 

The  portion  of  the  IR  beam  reflecting  from  the  moderator-vacuum  surface  interferes  with 
the  reflection  from  the  moderator-substrate  interface  causing  an  oscillatory  modulation  in  the  IR 
spectrum  [68].  Counting  the  number  of  fringes,  manges,  separating  two  wave  numbers  (in  cm'1), 
v  j  and  v  2,  we  can  calculate  the  interferometric  thickness  of  the  moderator: 


dint(pm)  =  10000(pm/cm)  manges  /  [2  n;  cos(0i)  (v,-v  2)]  (4) 

—  Cjnt  manges  /  (v  j-  V  2). 

Table  4  shows  various  useful  path  length  parameters  calculated  for  different  cryogenic  solids  for 
0o  =  45°  incidence. 

Table  4.  Reflection/transmission  optical  path  length  parameters  for  cryogenic  solids 
a  =  [69],  b  =  [70],  c  =  [71],  d  =same  as  N2  data 


solid 

ni 

0i 

cos(0j) 

2/cos(0i) 

Ci„t 

h2 

1.14a 

38.34° 

0.7844 

2.550 

5592 

d2 

1.16a 

37.56° 

0.7927 

2.523 

5437 

n2 

1.22b 

35.42° 

0.8149 

2.454 

5029 

Ne 

1.23b 

35.09° 

0.8182 

2.444 

4968 

Ar 

1.29b 

33.24° 

0.8364 

2.391 

4634 

Kr 

1.37 b 

31.08° 

0.8565 

2.335 

4261 

Xe 

1.49b 

28.33° 

0.8802 

2.272 

3812 

CO 

1.22d 

35.42° 

0.8149 

2.454 

— 

h2o 

1.26° 

34.14° 

0.8277 

2.416 

— 
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2.D.  Electrostatic/Magnetostatic  Manipulation  of  Moderated  Positrons 
2.D.I.  Magnetically-guided  slow  positron  transport  through  bent  tube 

We  employ  two  different  software  tools  to  simulate  the  trajectories  of  slow  positrons 
around  a  90°  bend  in  our  magnetically-guided  transport  tube.  The  first  is  a  home-made  code 
written  in  BASIC  that  calculates  the  magnetic  field  of  a  series  of  multisided  polygonal  current 
loops  via  the  Law  of  Biot  and  Savart  [72]  then  integrates  the  equations  of  motion  for  electrons 
subjected  to  the  velocity-dependent  Lorentz  force  equation.  Appendix  C  presents  an  ad-hoc 
numerical  integration  scheme  with  improved  energy  conservation  we  developed  during  this 
effort. 


Figure  23.  Acceptance  angle  for  20  eV  electrons  entering  50  G  solenoid 


Y  (ml 


Figure  24.  Transport  of  slow  and  fast  electrons  by  50  G  solenoid 
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Figure  23  shows  trajectories  calculated  for  KE  =  20  eV  electrons  entering  a  bent  40-mm- 
diameter  solenoid  with  a  |B|  =  50  G  centerline  magnetic  field.  Electrons  entering  at  angles  up  to 
225°  are  successfully  transmitted  to  the  far  end  of  the  bent  solenoid;  the  three  steeper  entry 
angles  result  in  electrons  being  reflected  back  out  the  solenoid  entrance. 

Figure  24  shows  the  successful  transport  of  slow  electrons  (KE  <  200  eV)  which  enter 
along  the  solenoid  centerline,  and  the  failure  of  the  |B|  =  50  G  magnetic  field  to  guide  faster 
electrons  around  the  90°  bend.  We  exploit  this  phenomenon  to  distinguish  between  successfully 
moderated  slow  positrons  and  unmoderated  fast  positrons. 

2.D.2.  Ion-optics  for  slow  positron  collection/injection 

We  also  performed  numerous  simulations  using  the  SIMION  v8.0  software  package  [73], 
Figure  25  shows  a  schematic  of  the  first  generation  complete  positron  moderation  apparatus, 
including  an  electrostatic  potential  surface  and  a  solenoidal  magnetic  field  calculated  by 
SIMION,  and  our  provision  for  electrically  biasing  the  moderator  deposition  substrate. 

Figure  26  shows  a  close-up  view  of  the  ion  optics  package  in  relation  to  the  moderator 
deposition  substrate.  We  provide  an  initial  repulsive  potential  for  the  moderated  positrons  by 
biasing  the  deposition  substrate  to  a  typical  voltage  Vi  =  +40  V.  We  bias  the  first  element  in  the 
ion  optics  package  to  an  attractive  negative  potential  to  collect  and  accelerate  the  positrons.  The 
next  three  elements  constitute  a  Retarding  Potential  Analyzer  (RPA)  with  the  outermost  elements 
held  at  a  constant  potential  while  the  voltage  of  the  central  element,  V4,  is  scanned  to  block  or 
pass  the  positrons.  The  last  element  serves  to  focus  the  positrons  into  the  entrance  of  the 
solenoid.  Figures  27  and  28  show  slow  positron  trajectories  through  the  ion  optics  package  for  a 
range  of  starting  positions  in  the  moderator,  and  with  the  RPA  in  “On”  and  “Off’  states. 


Vgate  ^substrate 


Figure  25.  First  generation  complete  experimental  schematic 
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Figure  27.  SIMION  trajectories,  RPA  “On” 

KE  =  2  eV,  Vj  =  40  V,  V2  =  -40  V,  V3  =  15  V,  V4  =  30  V,  V5  =  15  V,  V6  =  -30  V,  |B|  «  50  G 


Figure  28.  SIMION  trajectories,  RPA  “Off’ 

KE  =  2  eV,  Vi  =  40  V,  V2  =  -40  V,  V3  =  15  V,  V4  =  40  V,  V5  =  15  V,  V6  =  -30  V,  |B|  «  50  G 
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Figure  29.  Photo  of  ion  optics  package  installation 

Our  ion  optics  package  design  started  with  five  equally  spaced  elements,  and  evolved  by 
trial-and-error  with  the  SIMION  simulations  providing  the  performance  feedback.  Initially,  we 
just  pursued  the  most  efficient  collection  and  transport  of  positrons  from  the  largest  moderator 
area.  However,  we  found  this  to  be  incompatible  with  acceptable  RPA  energy  resolution,  which 
requires  perpendicular  positron  trajectories  across  the  central  blocking  element.  Indeed,  the  RPA 
only  measures  the  positron  momentum  component  (p_i_)  perpendicular  to  the  blocking  electrode 
surface,  so  V4  actually  measures  the  positron  “perpendicular  KE”  defined  as  KEj_  =  p±  /  2me. 
Our  final  design  is  a  compromise  between  positron  collection  efficiency  and  RPA  resolution. 
Figures  29  and  30  are  photos  of  the  ion  optics  package  during  and  after  installation. 


Figure  30.  Photo  of  ion  optics  package  in  place 
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2.E.  Slow  Positron  Detection  in  a  Separate  Annihilation  Chamber 

We  detect  the  slow  moderated  positrons  arriving  in  the  Annihilation  chamber  by  two 
independent  techniques:  single  charged  particle  detection  with  a  channel  electron  multiplier 
(CEM),  and  y-y  coincidence  detection  of  the  annihilation  radiation  with  a  pair  of  Nal(Tl) 
detectors.  The  CEM  approach  has  a  much  higher  detection  efficiency,  but  the  y-y  coincidence 
signal  is  an  unambiguous  fingerprint  for  positrons.  Figure  3 1  shows  the  CEM  bias  circuit  we 
built  to  facilitate  switching  between  detecting  positive  and  negative  particles.  Figure  32  shows 
the  energy  spectrum  from  one  of  our  Nal(Tl)  detectors;  for  the  coincidence  measurements  we  set 
the  discriminators  to  accept  signals  in  the  100-600  keV  energy  range. 


PS  Polarity 

N«9a&ve 


Figure  31.  Reversible  polarity  CEM  bias  circuit  schematic 
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Figure  32.  Nal(Tl)  gamma  spectrum  of  1  pCi  22Na  check  source  [MF12067D] 
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2.F.  Listing  of  Apparatus  Configurations 

Our  apparatus  has  existed  in  five  different  configurations:  (1)  an  isolated  Moderation 
chamber  for  production  and  spectroscopic  characterization  of  cryogenic  solids,  (2)  a  connected 
Moderation-Transport-Annihilation  vacuum  system  with  a  hot  filament  electron  source  in  the 
Moderation  chamber,  (3)  a  nearly  complete  apparatus  sans  22Na  source  for  photoelectron 
transport  experiments,  (4)  the  first  complete  positron  moderation  apparatus  with  Na  source 
shown  in  Figure  33,  and  (5)  the  final  configuration  shown  in  Figure  34  with  a  small  Annihilation 
chamber  to  improve  the  y-y  coincidence  signals  by  bringing  the  Nal(Tl)  detectors  closer. 


Figure  33.  Photo  of  first  complete  positron  moderation  apparatus 


Figure  34.  Photo  of  final  positron  moderation  apparatus 
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3.  RESULTS 


3.A.  Production  and  Characterization  of  cryogenic  pH2  Solids 

3.A.I.  Comparison  of  CO/pH2  solids  grown  on  BaF2  and  Au/Cu  substrates 

Our  earliest  solid  pH2  deposition  experiments  were  performed  to  compare  the  samples 
produced  in  our  new  apparatus  with  those  from  our  earlier  Edwards  AFB  HEDM  program 
studies.  Figure  35  shows  a  direct  comparison  of  IR  absorption  spectra  for  two  such  samples. 
The  small  vertical  arrows  in  traces  (a)  in  both  figures  indicate  features  due  to  CO  molecules  in 
metastable  fee  trapping  sites,  which  have  disappeared  from  the  spectra  of  the  annealed  samples 
shown  in  the  upper  (b)  traces.  The  slightly  higher  deposition  substrate  temperature  in  our  new 
apparatus  (2.9  K  vs.  2.4  K)  apparently  results  in  slightly  sharper  spectral  features  for  the  as- 
deposited  samples.  Overall,  the  observed  changes  are  minor  and  easily  understood,  and  should 
allow  us  to  carry  over  most  if  not  all  the  lessons  learned  in  our  earlier  studies. 

Edwards  AFB  Eglin  AFB 


Figure  35.  Comparison  of  spectra  of  CO/pH2  samples  grown  on  BaF2  and  Au/Cu  [63] 

[ST27017,  MF11093] 

3.A.2.  PIRAS  data  for  pH2  solids  grown  on  Au/Cu  substrate 

PIRAS  spectra  of  the  R(0)  lines  in  Figures  36  and  37  show  equal  positive  and  negative 
intensity,  implying  good  alignment  of  the  hep  crystallite  axes  with  the  deposition  substrate 
surface  normal,  as  discussed  in  detail  in  Appendix  B.  One  possible  explanation  for  this 
alignment  is  that  the  as-deposited  pH2  crystallites  have  “sintered”  together  during  annealing  to 
form  larger  crystallites.  We  had  initially  hoped  that  this  would  result  in  even  greater  positron 
moderation  efficiencies  for  annealed  pH2  samples. 
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Figure  36.  PIRAS  spectra  of  annealed  CO/pH2  sample  [63]  [ML01107] 
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Figure  37.  PIRAS  spectra  of  annealed  water/pH2  sample  [62]  [ML02007] 


27 

Distribution  A:  Approved  for  public  release;  distribution  unlimited;  96ABW-2012-0348 


3.A.3.  Polarized  optical  microscopy  of  pH2  solids 

Since  the  hep  pH2  crystallites  are  weakly  birefringent,  we  tried  to  photograph  them  in 
polarized  light.  Figure  38  shows  photomicrographs  of  a  2.53-mm-thick  pH2  solid  as-deposited 
on  a  T  =  2.7  K  Au/Cu  substrate.  We  pass  diffused  light  from  a  20  W  tungsten-halogen  lamp 
through  a  linear  polarizer,  reflect  off  the  substrate  at  near  normal  incidence,  then  through  a 
second  polarizer  just  before  the  CMOS  camera.  The  camera  lens  is  focused  at  the  Au/Cu 
surface,  and  surface  pits  and  scratches  are  readily  visible  through  the  pFF  solid.  We  see  no 
structures  attributable  to  microcrystallites,  although  macroscopic  (~100  pm)  “bubbles”  in  the 
pH2  solid  are  clearly  visible  as  “double  images,”  seen  directly  and  reflected  off  the  substrate. 

Figure  39  is  a  side  view  through  crossed  polarizers  (see  Figures  29  &  30)  during  the 
growth  of  a  2.43-mm-thick  pH2  solid  at  T  =  2.7  K.  It  is  worth  noting  that  the  variation  in  sample 
thickness  across  the  field  of  view  is  due  to  the  upward- facing  orientation  of  the  cold  pH2  gas 
delivery  tube,  and  we  expect  that  a  similar  variation  is  present  in  all  our  cryogenic  solids. 


Figure  38.  Micrographs  of  2.53-mm-thick  pH2  solid  in  polarized  light  at  near-normal 
incidence  H  =  s&s;I  =  p&p,  and  J  =  p  &  s  polarizer  orientations, 
respectively  [CM01051H-J] 


Figure  39.  Micrographs  of  growth  of  pH2  solid  in  crossed-polarizers 
[MF11113C2,  MF11113C180,  MF11113C360] 
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3.B.  Electron  Transport  and  Detection  Experiments 
3.B.I.  Picoammeter  detection 

Figure  40  shows  results  of  magnetically-guided  electron  transport  experiments  through 
the  bent  tube  joining  the  Moderation  and  Annihilation  chambers.  A  6.0  A  solenoid  current 
yields  a  centerline  magnetic  field  |B|  «  30  G.  A  Faraday  plate  collects  the  electrons  arriving  in 
the  Annihilation  chamber,  and  we  measure  this  current  with  a  picoammeter.  In  the  left  panel  of 
Figure  40,  we  induce  thermionic  electron  emission  by  running  »  2  A  through  a  bent  130-pm- 
diameter  tungsten  wire  cathode,  heating  it  to  a  bright  yellow  visible  emission.  We  bias  the 
cathode  to  a  repulsive  potential  Vj  =  -  20  V.  This  configuration  exhibited  several  artifacts,  likely 
due  to  space-charge  effects,  which  should  be  irrelevant  to  our  low-flux  positron  experiments. 

The  right  panel  of  Figure  40  shows  the  photocurrent  in  the  Annihilation  chamber  during 
illumination  of  the  Au/Cu  substrate  with  an  unfiltered  Hg/Ar  penlamp  placed  just  outside  the 
MgF2  window  located  at  the  end  of  the  positron  source  manipulator  chamber  (see  Figure  10).  In 
this  case,  the  substrate  bias  was  -  40  V,  and  we  used  a  10.0  A  solenoid  current  for  |B|  «  50  G. 
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Figure  40.  Picoammeter  detection  of  thermionic  &  photo-electrons  [CM02081,  CM02107] 
3.B.2.  Apparatus  fine  tuning 

We  performed  an  extensive  search  over  the  ion  optics  voltage  and  solenoid  current 
parameter  space  to  find  optimum  operating  conditions.  We  found  that  our  signals  were  sensitive 
to  a  variety  of  environmental  effects;  e.g .:  opening  and  closing  a  nearby  steel-core  door  resulted 
in  «  10%  changes  to  the  measured  current.  Figure  41  shows  SIMION  calculations  of  magnetic 
fields  and  electron  trajectories  with  and  without  an  additional  solenoid  intended  to  straighten  out 
the  field  at  the  entrance  to  the  bent  tube  “magnetic  funnel.”  Its  addition  helped  to  alleviate  some 
problems;  however,  the  SIMION  calculations  suggest  the  new  troubling  possibility  of  electron 
trajectories  entering  the  solenoid  after  bypassing  the  ion  optics  package. 
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Figure  41.  SIMION  calculations  of  electron  trajectories  in  solenoid  “magnetic  funnel” 

As  shown  in  Figure  42,  we  also  found  that  we  could  increase  our  signals  by  placing  small 
permanent  magnets:  (1)  just  inside  the  bend  of  the  magnetically-guided  transport  tube,  and  (2) 
axially  at  the  back  end  of  the  Annihilation  chamber  to  mimic  the  field-straightening  effects 
shown  for  the  Moderation  chamber  in  Figure  41.  Finally,  when  we  eventually  switched  to 
detecting  slow  positrons  we  found  that  we  had  to  reverse  the  direction  of  the  currents  in  all  the 
solenoids,  as  well  as  reverse  the  orientations  of  the  permanent  magnets.  These  modifications 
combined  increased  the  slow  positron  signal  levels  by  a  factor  of  2-3.  We  speculate  that  this 
asymmetry  is  introduced  by  the  left-hand  turn  made  by  the  particles  as  they  spiral  down  the 
magnetically-guided  transport  tube. 


permanent 

magnet 


Figure  42.  Photo  of  small  permanent  magnet  at  solenoid  bend 
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3.B.3.  CEM  Detection 


For  the  endgame  of  our  operating  parameter  optimization,  we  switched  to  single  charged 
particle  detection  of  the  photoelectrons  using  a  CEM  biased  to  detect  negative  particles,  as 
shown  in  Figure  3 1 .  Figure  43  shows  photoelectron  RPA  scans  in  which  we  used  notch- 
bandpass  optical  filters  to  isolate  individual  lines  from  the  Hg/Ar  penlamp.  We  also  used  small 
pinhole  apertures  (1.0-mm-diameter  for  253.73  nm,  and  0.20-mm-diameter  for  184.95  nm)  to 
bring  the  signal  levels  down  to  «  3000  cps  in  the  RPA  “On”  state. 

These  data  raise  a  few  peculiar  issues  worthy  of  comment.  First,  the  upper  limit  to  the 
KE  of  the  photoelectrons  is  given  by  [74]: 

KEmax  he  /  A-vac  "  *5  Au  (5) 

where:  h  is  Planck’s  constant,  c  is  the  speed  of  light  in  vacuum,  kvac  is  the  vacuum  wavelength 
of  the  Hg  emission  line,  and  O'au  is  the  electron  work  function  of  gold.  Since  the  253.73  nm  Hg 
line  (with  a  photon  energy  of  4.89  eY)  apparently  produces  copious  numbers  of  photoelectrons 
from  a  gold  surface,  for  many  decades  the  work  function  of  gold  was  given  as  somewhere  in  the 
4.0  to  4.8  eV  range  [75].  The  modem  value  for  a  clean,  freshly  deposited  gold  surface  under 
UHV  conditions  is  <J>‘Au  ~  5.4  eV,  and  the  lower  historical  values  are  attributed  to  adsorption  of 
oxygen  and  other  gases  [76],  Second,  it  is  very  difficult  to  extract  the  6.70  -  4.89  =  1.81  eV 
difference  in  photon  energies  for  the  184.95  and  253.73  nm  lines  from  the  data  in  Figure  43.  The 
conventional  method  [74]  of  extrapolating  a  plot  of  (signal)72  vs.  V  to  find  the  threshold  yields  a 
difference  of  «  1.5  eV.  This  is  probably  due  to  the  fact  that  the  angular  distribution  of  the 
photoelectrons  is  very  different  for  the  two  wavelengths.  Finally,  we  note  that  even  with  the 
near-threshold  253.73  nm,  the  voltage  difference  between  10%  and  90%  signal  levels  (AV10-90)  is 
about  1 .2  eV,  which  is  an  upper  bound  to  the  instrumental  resolution  for  our  apparatus. 


relative  voltage  (V)  relative  voltage  (V) 

Figure  43.  Photoelectrons  from  Au/Cu  substrate  with  two  Hg  lines  [CM03039CG  &  CH] 
Vi  =  -40  V,  V2  =  30  V,  V3  =  -10  V,  V4  =  scan,  V5  =  -10  V,  V6  =  40  V,  |B|  «  30  G 
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3.C.  Positron  Moderation  Experiments  in  Nominally  “Pure”  Moderators 
3.C.I.  Solid  Ne 

Our  first  few  attempted  positron  moderation  experiments  were  plagued  by  a  number  of 
unexpected  problems,  including:  a  thermal  short  caused  by  the  detachment  of  an  internal 
mechanical  alignment  insert  in  the  lHe  transfer  cryostat,  an  electrical  short  between  the 
deposition  substrate  and  the  lHe  cryostat  cold  tip  caused  by  a  rogue  sliver  of  indium  metal  foil,  a 
pathologically  intermittently  faulty  single-channel  analyzer  in  the  CEM  detection  electronics  that 
took  several  days  to  identify  and  replace,  and  poor  vacuum  levels  due  to  the  repeated  venting  of 
the  vacuum  chambers  to  atmosphere  for  troubleshooting. 

As  shown  in  Figure  44,  we  eventually  managed  to  fix  these  problems,  seal  up  the  UHY 
system  and  pump  down  long  enough  to  establish  a  pre-cooldown  residual  water  vapor  level  of 
4xl0'7  torr,  and  deposit  a  (barely)  functional  solid  Ne  moderator.  As  we  repeat  several  times  in 
the  data  presented  below,  the  upper  panel  shows  the  scanning  of  the  RPA  blocking  element  with 
the  initial  bias  potential  for  the  deposition  substrate  shown  as  a  horizontal  line.  Unless  stated 
otherwise,  all  our  positron  moderation  experiments  were  performed  with  the  RPA  configuration: 

Vi  =  40  V.  V?  =  -45  V.  =  15  V.  V4  =  scan.  V.  =  15  V.  V*  =  -40  V.  and  a  solenoid  field  IBI  = 
30  G.  The  middle  panel  shows  the  absolute  CEM  counts  with  the  counting  time  interval 
specified  in  the  vertical  axis  label.  The  bottom  panel  shows  the  substrate  temperature  which 
responds  sensitively  to  the  varying  deposition  heat  load.  Note  that  in  this  experiment  the  poor 
vacuum  results  in  a  strong  dependence  of  the  moderation  efficiency  on  the  rate  of  Ne  deposition; 
i.e.  faster  deposition  correspond  to  a  “cleaner”  moderator  and  stronger  slow  positron  signals. 


Figure  44.  First  plausible  positron  moderation  signals  [CM040430] 
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Figure  45.  13.5-pm-thick  Ne  moderator  deposited  from  dopant  manifold 
Tsub  =  2.9  K,  T0/p  =  6.4  K,  2.1  mmol  Ne,  2tdep  *  8  min  [CM04063E] 

Figure  45  shows  subsequent  results  for  a  somewhat  “cleaner”  Ne  moderator  grown  by 
depositing  Ne  gas  from  the  dopant  manifold,  and  with  the  Moderation  chamber  at  a  pre¬ 
cooldown  vacuum  of  lxlCT8  torr.  Figure  46  shows  the  interference  fringes  used  to  calculate  the 
13.5  pm  sample  centerline  thickness,  as  well  as  absorption  features  due  to  water  monomers  and 
small  clusters  isolated  in  the  solid  Ne  [62,77].  The  distribution  of  (H20)n  cluster  sizes  inferred 
from  the  intensities  of  the  absorption  features  suggests  a  water  concentration  in  the  100-1000 
ppm  range. 


Figure  46.  IR  absorbance  spectrum  of  sample  depicted  in  Figure  45  [MF12113.9] 
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Figure  47.  8.3-|a,m-thick  Ne  moderator  deposited  through  cold  o/p-converter 
Tsub  =  4.4  K,  T0/p  =  27.0  K,  1.38  mmol  Ne  (11:20:30  to  11:24:00)  [CM04081B] 

Figure  47  shows  data  for  a  much  cleaner,  thin  Ne  moderator  grown  by  flowing  the  Ne  gas 
through  the  cold  o/p  converter  at  T0/p  =  27.0  K  to  remove  any  condensable  impurities  (e.g.  H20, 
C02,  N2,  02).  By  this  time,  the  vacuum  system  had  been  sealed  for  roughly  a  month,  and  the 
pre-cool  down  residual  water  vapor  level  had  reached  its  floor  of  *  lxlO'9  torn  Figure  48  shows 
very  weak  trapped  water  monomer  absorptions,  which  are  hidden  in  the  ±  0.003  absorbance 
noise.  This  moderator  retains  constant  moderation  efficiency  for  the  «  1  hour  duration  of  the 
experiment. 
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Figure  48.  IR  absorbance  spectrum  of  sample  depicted  in  Figure  47  [MF12153.3] 


34 

Distribution  A:  Approved  for  public  release;  distribution  unlimited;  96ABW-20 12-0348 


Figure  49.  Compiled  RPA  scans  from  data  shown  in  Figure  47  [CM04081B] 

<On>  =  7.3  cps,  <Off>  =  0.5  cps,  50%  @  40.6  V,  AV10-90  =  3.1  V 

Figure  49  shows  the  CEM  data  from  Figure  47  plotted  vs.  the  RPA  blocking  electrode 
potential,  V4.  Each  datum  appears  as  a  blue  dot;  open  red  circles  show  the  CEM  signal  averages, 
and  red  crosses  show  the  standard  errors  of  the  mean.  The  caption  gives  the  average  counting 
rates  in  the  RPA  On  and  Off  states,  the  “50%”  point  halfway  between  these  asymptotes,  and  the 
voltage  difference  between  10%  and  90%  signal  levels,  AV10-90.  Lacking  an  analytical 
expression  for  the  RPA  curve,  we  estimate  these  parameters  graphically,  i.e.  with  pen  and  paper. 


Figure  50.  17.9-pm-thick  Ne  moderator  deposited  through  cold  o/p-converter 
Tsub  =  4.4  K,  T0/p  =  27.0  K,  2.62  mmol  Ne  (14:13  to  14:19)  [CM04081E] 
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MF12155.6 


Figure  51.  IR  absorbance  spectrum  of  sample  depicted  in  Figure  50  [MF12155.6] 

Figure  50  shows  results  for  a  clean,  medium  thickness  Ne  moderator  grown  through  the 
cold  o/p  converter.  This  moderator  also  retains  its  as-deposited  moderation  efficiency  for  the  1 
hour  duration  of  the  experiment.  Figure  5 1  still  retains  some  helpful  interference  fringes  for 
determining  the  moderator  centerline  thickness,  and  only  very  weak  trapped  dopant  absorptions. 
Figure  52  shows  the  compiled  and  averaged  RPA  scans,  with  the  difference  in  RPA  On  and  Off 
absolute  counting  rates  reaching  the  10  cps  level. 


Figure  52.  Compiled  RPA  scans  from  data  shown  in  Figure  50  [CM04081E] 
<On>  =  11.9  cps,  <Off>  =1.2  cps,  50%  @  40.4  V,  AV10-90  =  2.8  V 
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CM04081 G  laboratory  time  (hh:mm:ss) 

Figure  53.  Ne  moderator  from  Figure  50  during  annealing  at  T  «  8  K  [CM04081G] 

Figure  53  shows  annealing  of  the  clean  1 7.9-pm-thick  Ne  moderator  from  Figure  50  to 
T  «  8  K.  No  significant  changes  to  the  RPA  On  or  Off  signals  occur  upon  warm  up.  Figure  54 
shows  the  acquisition  of  the  RPA  scan  data  compiled  in  Figure  55.  While  we  might  have 
expected  some  noticeable  changes  to,  say,  the  width  of  the  On-Off  transition,  or  to  the  position 
of  the  midpoint,  these  data  compare  well  with  those  for  the  as-deposited  sample  shown  above  in 
Figure  52. 


CM04081H  laboratory  time  (hhimmiss) 


Figure  54.  Ne  moderator  from  Figure  50  after  annealing  [CM04081H] 
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Figure  55.  Compiled  RPA  scans  from  data  shown  in  Figure  54  [CM04081H] 

<On>  =  12.0  cps,  <Off>  =  1.1  cps,  50%  @  40.2  V,  AV10-9o  =  2.8  V 

Figure  56  shows  the  strongest  slow  positron  signals  observed  in  this  study,  with  the 
difference  in  the  RPA  On  and  Off  counting  rates  exceeding  20  cps.  Figure  57  shows  only 
vestigial  transmission  interference  fringes,  which  makes  any  interferometric  sample  thickness 
determination  suspect.  Nonetheless,  if  we  count  five  fringes  separating  the  absorption  maxima  at 
1867  and  2265  cm'1,  Equation.  (4)  yields  a  thickness  of  62.4  pm,  which  agrees  with  the  60-65 
pm  thickness  estimated  from  the  amount  of  Ne  gas  deposited. 


CM04085F  laboratory  time  (hh:mm:ss) 

Figure  56.  Strongest  CEM  signal  observed  from  a  Ne  moderator  [CM04085F] 
dmod  =  62.4  pm,  Tsub  =  4.4  K,  T0/p  =  27.0  K,  8.79  mmol  Ne  (12:49  to  13:20). 
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Figure  57.  IR  absorbance  spectrum  of  sample  depicted  in  Figure  56  [MF13007.16] 


The  compiled  RPA  scan  data  in  Figure  58  appear  to  confirm  two  trends  seen  with 
increasing  moderator  thickness  for  the  thin  and  medium  thickness  clean  Ne  moderators  depicted 
above  in  Figures  47  and  50,  i.e.\  a  shift  in  the  50%  point  to  lower  blocking  potential,  and  a 
sharpening  of  the  On-Off  transition.  One  possible  explanation  for  this  is  surface  or  bulk 
charging  of  the  moderator  by  the  accumulated  radiation  damage  products  produced  by  the  fast 
positrons  and  gamma  rays  from  the  22Na  source  [78,79], 


Figure  58.  Compiled  RPA  scans  from  data  shown  in  Figure  56  [CM04085F] 
<On>  =  24.0  cps,  <Off>  =  3.7  cps,  50%  @  39.2  V,  AV10-9o  =  2.6  V 
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Figure  59.  24.8-|nm-thick  Ne  moderator  grown  “in  the  dark”  through  cold  o/p  converter 
Tsub  =  4.4  K,  T0/p  =  27.0  K,  2.78  mmol  Ne  (08:52  to  09:25)  [CM04089C] 

Figure  59  shows  our  attempt  to  observe  this  moderator  charging  process  directly,  during 
which  we  grow  a  clean  medium  thickness  Ne  moderator  “in  the  dark,”  i.e.  with  the  22Na  source 
in  the  Storage  mode  depicted  above  in  Figure  9.  Note  that  all  our  other  positron  moderation 
experiments  involve  moderators  grown  under  continuous  irradiation  by  the  22Na  source  in  Active 
mode.  Indeed,  in  Figure  59  the  CEM  signal  in  the  RPA  On  state  grows  gradually,  but 
significantly  over  the  first  20  minutes  of  exposure  of  the  as-deposited  moderator  to  the  22Na 
source.  The  CEM  signal  in  the  RPA  Off  state  remains  constant  during  the  same  time  period. 


10:40  11:00  11:20  11:40  12:00  12:20 

CM04089D  laboratory  time  (hh:mm:ss) 

Figure  60.  High-res  RPA  scans  of  sample  depicted  in  Figure  59  [CM04089D] 
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Figure  61.  Compiled  RPA  scans  from  data  shown  in  Figure  60  [CM04089D] 
<On>  =  21.5  cps,  <Off>  =  4.0  cps,  50%  @  38.8  V,  AV10-90  =  2.4  V 


Figure  62.  Correlation  between  CEM  and  y-y  coincidence  signals  [CM05035D] 

Ne  moderator,  dmod  =24.6  pm,  Tsub  =  4.4  K,  T0/p  =  27.0  K,  2.78  mmol  Ne  (12:35  to  12:45). 
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Figure  60  shows  the  acquisition  of  the  high  resolution  (AV4  =  0.5  V)  RPA  scan  data 
compiled  in  Figure  61.  This  experiment  begins  roughly  40  minutes  after  first  exposure  of  the 
moderator  to  the  22Na  source.  The  first  five  RPA  cycles  in  Figure  60  suggest  a  gradual  decrease 
in  peak  signal,  but  the  last  half  cycle  falls  in  well  with  the  early  data.  The  compiled  data  in 
Figure  61  show  the  sharpest  transition  between  On  and  Off  states  observed  in  this  study  (AV10-90 
=  2.4  Y),  as  well  as  the  lowest  mid-point  blocking  potential  (38.8  V). 

So  far,  we  have  presented  the  CEM  signals  from  experiments  performed  in  Fall  2010 
using  the  large  Annihilation  chamber,  as  depicted  in  Figure  33.  We  have  assigned  the  difference 
between  the  CEM  signals  with  the  RPA  On  and  Off  to  slow  positrons,  without  any  independent 
verification.  We  did  record  y-y  coincidence  data  with  the  two  Nal(Tl)  detectors  that  show  a 
statistically  significant  (but  hardly  convincing)  correlation  with  the  CEM  signals.  In  Fall  2011, 
we  replaced  the  large  Annihilation  chamber  with  a  2-3/4-inch  Conflat  cross,  as  depicted  in 
Figure  34.  This  reduced  the  center-to-center  separation  between  the  Nal(Tl)  detectors  from 
32.3  cm  to  10.2  cm.  We  expected,  and  obtained,  a  corresponding  increase  in  the  y-y  coincidence 
signal  of  (32.3/ 10.2)2  =  lOx.  Figure  62  shows  the  new,  improved  y-y  coincidence  signal 
obtained  from  a  24.6-um-thick  Ne  moderator.  The  «  0.3  cps  RPA  Off  baseline  in  the  y-y 
coincidence  signal  is  due  to  gamma  radiation  from  the  Na  source  in  Active  mode.  The  strong 
correlation  between  the  RPA  modulation  of  the  CEM  and  y-y  coincidence  signals  demonstrates 
that  the  CEM  On-Off  signal  is  due  to  slow  positrons  arriving  in  the  Annihilation  chamber. 

3.C.2.  Solid  Ar 

We  also  investigated  positron  moderation  in  other  Rg  solids  besides  Ne.  Figure  63  shows 
CEM  data  obtained  before,  during,  and  after  annealing  of  an  as-deposited  1 3.9-pm-thick  Ar 


Figure  63.  13.9-pm-thick  Ar  moderator  deposited  through  cold  o/p-converter 
Tsub  =  10  K,  T0/p  =  184  K,  0.81  mmol  Ar  (13:40  to  13:55)  [CM04097B] 
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Figure  64.  IR  absorbance  spectrum  of  sample  depicted  in  Figure  63  [MF13029.8] 

moderator.  The  CEM  signal  appears  to  grow  upon  warming  to  T  «  25  K,  and  remains  slightly 
higher  than  the  as-deposited  T  =  10  K  signal  upon  cooling  to  T  =  4.4  K. 

Figure  64  shows  clear  interference  fringes,  which  are  more  pronounced  than  for  solid  Ne 
since  the  larger  index  of  refraction  of  Ar  results  in  a  stronger  Fresnel  reflection  at  the  Ar-vacuum 
surface.  The  spectrum  also  shows  features  from  trapped  CO,  CO2,  and  H2O  molecules  which 
made  it  through  the  much  warmer  o/p  converter  (T0/p  =  184  K)  than  used  for  Ne  depositions. 


Figure  65.  Compiled  RPA  scans  for  as-deposited  sample  depicted  in  Figure  63  CM04097B] 
<On>  =  1.6  cps,  <Off>  =  0.1  cps,  50%  @  41.3  V,  AV10-90  =  5.0  V 
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Figure  66.  Compiled  RPA  scans  during  annealing  of  sample  in  Figure  63  [CM04097B] 
<On>  =  1.8  cps,  <Off>  =  0.1  cps,  50%  @  41.5  V,  AV10-90  =  5.4  V 

Figures  65,  66,  and  67  show  the  compiled  RPA  scans  for  the  three  phases  of  the 
experiment  in  Figure  63.  The  annealing  process  seems  to  shift  the  midpoint  of  the  On-Off 
transition  to  higher  retarding  potentials,  while  leaving  the  width  of  the  transition  at «  5  V. 

We  performed  a  series  of  experiments  depositing  Ar  moderators  at  progressively  higher 
deposition  substrate  temperatures.  Figure  68  shows  the  T  «  15  K  deposition  and  subsequent  T  « 
25  K  annealing  of  a  1 3.4-pm-thick  Ar  moderator.  Figure  69  shows  the  T  «  20  K  deposition  of  a 


Figure  67.  Compiled  RPA  scans  for  annealed  sample  depicted  in  Figure  63  [CM04097B] 
<On>  =  1.8  cps,  <Off>  =  0.1  cps,  50%  @  41.9  V,  AV10-90  =  5.3  V 
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Figure  68.  13.4-|nm-thick  Ar  moderator  deposited  through  cold  o/p-converter 
Tsub  =  15  K,  To/p  =  161  K,  0.84  mmol  Ar  (08:08  to  08:30).  [CM04099B] 


13.9-|um-thick  Ar  moderator.  Figure  70  shows  the  T  «  24  K  deposition  of  a  15.5-pm-thick  Ar 
moderator.  For  Ar,  it  seems  like  higher  deposition  substrate  temperatures  in  the  10-24  K  range 
yield  higher  positron  moderation  efficiencies. 
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Figure  69.  13.9-pm-thick  Ar  moderator  deposited  through  cold  o/p-converter 
Tsub  =  20  K,  T0/p  =  175  K,  0.85  mmol  Ar  (12:10  to  12:30).  [CM04101B] 
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Figure  70.  15.5-|u,m-thick  Ar  moderator  deposited  through  cold  o/p-converter 
Tsub  =  24  K,  T0/p  =  205  K,  0.96  mmol  Ar  (14:24  to  14:44)  [CM04103B] 


Figure  71  shows  the  compiled  RPA  scans  for  the  Ar  moderator  as-deposited  at  T  =  24  K. 
It  most  closely  resembles  the  data  for  the  annealed  moderator  shown  in  Figure  67. 


Figure  71.  Compiled  RPA  scans  for  as-deposited  sample  depicted  in  Figure  70 
[CM04103B]  <On>  =  2.5  cps,  <OfF>  =  0.2  cps,  50%  @  41.8  V,  AV10-9o  =  4.9  V 
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3.C.3.  Solid  Kr 


Besides  Ne,  we  performed  the  majority  of  our  experiments  with  Kr  moderators. 

Figure  72  shows  results  from  a  relatively  thin  Kr  moderator  deposited  at  T  =  25  K  from  Kr  gas 
evaporated  by  warming  the  previously  filled,  cold  o/p  converter  from  T0/p  =  98  — »  1 15  K.  Figure 
73  shows  strong  interference  fringes  and  only  weak  trapped  CO2  and  H20  absorptions. 


Figure  72.  7.0-pm-thick  Kr  moderator  deposited  by  evaporation  from  cold  o/p  converter 
Tsub  =  25  K,  To/p  =  98  -A  115  K  (12:45  to  13:20).  [CM04107B] 


Figure  73.  IR  absorbance  spectrum  of  sample  depicted  in  Figure  72  [MF13041.16] 
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Figure  74.  Compiled  RPA  scans  for  data  shown  in  Figure  72  [CM04107B] 
as-deposited:  <On>  =  3.3  cps,  <Off>  =  0.3  cps,  50%  @  42.0  V,  AV10-90  =  5.3  V 
annealed:  <On>  =  4.0  cps,  <Off>  =  0.3  cps,  50%  @  41.8  V,  AV10-90  =  4.5  V 


Figure  74  shows  the  compiled  RPA  scans  for  both  the  as-deposited  and  post-annealing  sample; 
annealing  to  T  «  36  K  results  in  a  noticeable  increase  in  the  moderation  efficiency. 


Figure  75.  31.6-p.m-thick  Kr  moderator  as-deposited  through  cold  o/p-converter 
Tsub  =  30  K,  T0/p  =  119  124  K,  1.54  mmol  Kr  (08:30  to  09:15)  [CM04109B] 
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Figure  76.  IR  absorbance  spectrum  of  sample  depicted  in  Figure  75  [MF13045.27] 


Figure  75  shows  results  from  a  much  thicker  Kr  moderator  deposited  at  T  =  30  K  through 
the  cold  o/p  converter.  The  CEM  signal  from  this  as-deposited  moderator  exceeds  that  of  the 
annealed  thin  sample  depicted  in  Figure  72.  Figure  76  shows  remnant  transmission  interference 
fringes,  and  the  strong  wavelength-dependent  scattering  familiar  to  practitioners  of  Matrix 
Isolation  Spectroscopy  in  the  heavier  Rg  hosts.  The  compiled  RPA  scans  in  Figure  77  seem  to 
indicate  a  shift  of  the  midpoint  to  higher  blocking  potential  relative  to  the  thinner  Kr  moderator, 
however  this  shift  is  well  within  the  error  of  our  graphical  estimation  procedure.  It  would  also  be 
opposite  the  thickness-dependent  trend  observed  for  Ne  moderators. 


Figure  77.  Compiled  RPA  scans  from  data  shown  in  Figure  75  [CM04109B] 
<On>  =  4.7  cps,  <Off>  =  0.2  cps,  50%  @  42.6  V,  AV10-90  =  5.0  V 
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3.C.4.  Solid  Xe 


Figure  78  shows  results  from  a  Xe  moderator  deposited  at  T  «  50  K  from  the  dopant 
manifold,  however  in  *  40  pmol  aliquots  delivered  over  roughly  an  hour  long  period.  By  the  end 
of  the  experiment,  the  CEM  signal  in  the  RPA  On  state  is  only  «  0.7  cps,  and  any  modulation  of 
the  y-y  coincidence  signal  is  not  visible  against  its  «  0. 3-0.4  cps  background. 

Figure  79  shows  the  strongly  contrasting,  but  slowly  modulated,  interference  fringes  for 
the  very  thin  (0.77  pm)  Xe  sample  recorded  after  deposition  of  the  first  42  pmol  of  Xe. 

Figure  80  shows  the  compiled  RPA  scans  from  data  recorded  for  the  as-deposited  sample 
immediately  following  those  shown  in  Figure  78.  The  CEM  signal  appears  to  have  dropped  off 
to  about  0.6  cps  by  the  time  those  scans  were  acquired.  The  low  count  rate  required  a  long 
counting  interval  (100  s),  and  a  correspondingly  low  retarding  potential  resolution  (2  V)  to 
complete  the  data  acquisition  in  the  allotted  time. 
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Figure  78.  6.9-pm-thick  Xe  moderator  deposited  from  dopant  manifold 
Tsub  =  50  -»  46  K,  To/p  =  6.4  K,  416  pmol  Xe  (12:53  to  13:59)  [CM05065A] 
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Figure  79.  IR  absorbance  spectrum  of  sample  depicted  at  12:57  in  Figure  78  [MF14053.4] 


Figure  81  shows  data  from  a  thicker  Xe  moderator  deposited  at  T  =  48  K  from  the  dopant 
manifold.  The  CEM  signal  level  is  only  slightly  higher  than  for  the  thinner  moderator  depicted 
in  Figure  78.  Figure  82  shows  interference  fringes  and  weak  impurity  absorptions.  Due  to  the 
low  signal  levels  and  low  voltage  resolution,  it  is  difficult  to  make  a  conclusive  comparison  of 
the  compiled  RPA  scan  data  in  Figures  80  and  83,  however  the  thicker  moderator  seems  to  show 
a  slightly  broader  On  -Off  transition. 


Figure  80.  Compiled  RPA  scans  for  as-deposited  sample  depicted  in  Figure  78 
[CM05065A]  <On>  =  0.54  cps,  <OfP>  =  0.05  cps,  50%  @  42.3  V,  AV10-90  =  4.1  V 
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Figure  81.  13.4-|nm-thick  Xe  moderator  deposited  from  dopant  manifold 
Tsub  =  48  K,  T0/p  =  302  K,  94  pmol  Xe  (08:15  to  08:29)  [CM05067A] 


Figure  82.  IR  absorbance  spectrum  of  sample  depicted  in  Figure  81  [MF14055.7] 
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TSub(K)  CEM/ 100  Sec  Coin/ 100  Sec  Gate(V) 


Figure  83.  Compiled  RPA  scans  for  as-deposited  sample  depicted  in  Figure  81 
[CM05067A]  <On>  =  0.60  cps,  <OfP>  =  0.06  cps,  50%  @  41.8  V,  AV10-90  =  4.9  V 

3.C.5.  Solid  N2 
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Figure  84.  5.7-pm-thick  N2  moderator  deposited  from  dopant  manifold 
Tsub  =  25  K,  T0/p  =  302  K,  46  pmol  N2  (15:16  to  15:20)  [CM05071A] 
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Wavenumber  cm-1 


Figure  85.  IR  absorbance  spectrum  of  sample  depicted  in  Figure  84  [MF14059.6] 

Figure  84  depicts  the  last  positron  moderation  experiment  performed  during  this  project: 
a  half-cycle  RPA  scan  of  an  N2  moderator.  The  «  0.15  cps  CEM  signal  is  clearly  visible  above 
the  «  0.03  cps  background.  The  very  sharp  absorption  lines  for  trapped  CO  and  C02  molecules 
shown  in  Figure  85  at  2139.7  and  2348.8  cm"1  (respectively)  have  integrated  intensities  of  0.0010 
and  0.0032  cm"1,  corresponding  to  concentrations  of  roughly  3  and  1  ppm  [65].  The  weak,  broad 
solid  a-N2  absorption  peaking  near  2370  cm"1  [80]  is  obscured  by  the  transmission  fringes. 

3.C.6.  Solid  Molecular  Hydrogens 

Over  the  course  of  this  project,  we  performed  seven  solid  pH2  and  two  solid  oD2  positron 
moderation  experiments,  without  any  hint  of  a  statistically  significant  slow  positron  signal.  The 
numerous  accompanying  H2  and  D2  slow  positron  attenuation  experiments  are  described 
separately,  below. 

Figure  86  shows  the  null  result  for  a  310-pm-thick  pH2  “moderator”  deposited  through 
the  cold  o/p  converter.  Approximately  half  of  the  pH2  was  deposited  before  the  start  of  the  scan 
showed  in  Figure  86,  the  other  half  was  deposited  between  09:44  and  10:10,  producing  the 
observed  increase  in  the  substrate  temperature. 

Figure  87  shows  the  IR  absorption  spectrum  of  this  sample;  the  inset  shows  the  oH2 
induced  absorption  at  4153  cm"1.  The  integrated  absorption  of  this  feature  is  0.0021  cm"1,  which 
combined  with  the  790  pm  optical  path  length  indicates  a  residual  oH2  concentration  of  760  ppm 
[64],  This  concentration  is  two  orders  of  magnitude  higher  than  the  6  ppm  expected  from  the 
T0/p  =  12.0  K  temperature  of  the  o/p  converter.  We  eventually  discovered  that  the  hot  filament 
ionization  gauge  used  to  measure  the  pressure  during  moderator  depositions  was  causing  back- 
conversion  of  the  pH2  gas.  Once  we  turned  off  this  gauge,  the  residual  oH2  concentrations  in  our 
pH2  solids  returned  to  their  customary  sub- 100  ppm  levels. 
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Figure  86.  310-|a,m-thick  pH2  “moderator”  deposited  through  cold  o/p  converter 
Tsub  =  2.9  K,  To/p  =  12.0  K,  30.3  mmol  pH2  (08:50  to  09:05  and  09:44  to  10:10)  [CM04071C] 


Figure  87.  IR  absorbance  spectrum  of  sample  depicted  in  Figure  86  [MF12117.il] 
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3.D.  Positron  Attenuation  Experiments  on  Overcoated  Rg  Moderators 
3.D.I.  Solid  molecular  hydrogens  on  solid  Ne 

Our  great  disappointment  in  our  failure  to  detect  any  slow  positrons  from  our  highly 
touted  RVD  pH2  solids  motivated  a  series  of  experiments  to  help  us  understand  this  unexpected 
result.  We  quickly  discovered  that  not  only  does  pH2  not  moderate  positrons,  it  also  kills  the 
flux  of  slow  positrons  from  Rg  moderators.  Figure  88  shows  results  from  such  an  experiment, 
where  a  mere  1.3-pm-thick  overcoated  layer  of  solid  pH2  completely  obliterates  the  slow 
positron  signal  from  a  working  13.5-pm-thick  Ne  moderator!  This  pH2  was  deposited  between 
16:10  and  16: 13  by  raising  the  temperature  of  the  “full”  cold  o/p  converter  from  T0/p  =  6.4  — > 

1 1.7  K.  A  few  minutes  later,  the  deposition  of  an  additional  0.35  mmol  («  2  pm)  of  Ne  restores 
the  slow  positron  signal. 

Figure  89  shows  the  pH2  “Q+S”  region  of  the  IR  absorption  spectrum.  Using  the  values 
in  Tables  3  and  4  we  calculate  a  3.3  pm  optical  path  length,  and  a  1.3  pm  thickness,  for  this  pH2 
solid.  This  sample  was  deposited  with  the  Ne  flowing  from  the  dopant  manifold,  and  the  H2 
through  the  cold  o/p  converter.  This  results  in  a  fairly  dirty  Ne  moderator,  and  in  poor  control  of 
the  H2  deposition  rate. 

Figure  90  shows  results  for  an  experiment  with  the  Ne  gas  is  deposited  through  the  o/p 
converter  (albeit  at  T0/p  =  297  K)  and  nH2  gas  deposited  from  the  dopant  manifold.  These  CEM 
signal  levels  are  not  directly  comparable  to  those  in  Figure  88  due  to  long  term  changes  in 
instrumental  sensitivity,  caused  mainly  by  inadvertent  exposure  of  the  high  voltage  biased  CEM 
detector  to  “puffs”  of  gases  during  moderator  evaporation.  Figure  91  shows  a  Ne  moderator 
grown  through  the  cold  o/p  converter  on  the  same  day  as  the  sample  depicted  in  Figure  90. 


CM04063E  laboratory  time  (h  him  miss) 

Figure  88.  Ne/pH2/Ne  moderator/attenuator/moderator  [CM04063E] 
13.5-pm-thick  Ne  moderator  (2.08  mmol,  14:49  to  15:39) 

+  1.3-pm-thick  pH2  (16:10  to  16:13)  +  0.35  mmol  Ne  (16:22  to  16:29) 
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Figure  89.  IR  absorbance  spectrum  of  sample  depicted  in  Figure  88  [MF121 13.15] 


CM05041C  laboratory  time  (h him  miss) 

Figure  90.  Ne/nH2/Ne/nH2  moderator/attenuator/moderator/attenuator  [CM05041C] 
4.1-pm-thick  Ne  moderator  (0.53  mmol,  08:55  to  09:45)  +  11.2  pmol  nH2  (09:55  to  09:56) 
+  0.39  mmol  Ne  (10:15  to  10:40)  +  1.8  pmol  nH2  (11:15  to  11:16) 
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TSub(K)  CEM/ 100  Sec  Coin/ 100  Sec  Gate(V) 


Figure  91.  nH2  attenuator  grown  on  7.8-pm-thick  Ne  moderator  [CM05043A] 

1.36  mmol  Ne  through  T0/p  =  27.0  K  o/p  converter  +  35.3  pmol  nH2  deposited  in  six  steps 


Figure  92.  IR  absorbance  spectrum  of  sample  depicted  in  Figure  91  [MF14015.22] 
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In  this  case  the  CEM  signal  levels  are  directly  comparable,  and  the  cleaner,  thicker  moderator  in 
Figure  91  yields  nearly  double  the  flux  of  slow  positrons. 

The  nH2  overcoat  layer  in  Figure  91  was  deposited  in  six  discrete  steps,  with  time  taken 
in  between  to  record  the  surviving  slow  positron  yield.  Those  results  are  presented  in  greater 
detail  below  in  the  Discussion  section. 


The  intensity  pattern  of  the  weak  absorption  features  seen  in  Figure  92  near  4152,  4502, 
and  4738  cm'1  match  the  known  IR  spectrum  of  solid  nH2  [81].  Comparing  these  features  with 
those  for  a  known  path  length  nH2  solid  in  Ref.  [81],  and  applying  the  correction  factor  in  Table 
4,  we  can  estimate  a  final  solid  nH2  layer  thickness  of  0.62(±0.03)  pm,  where  the  uncertainty  is 
the  standard  error  of  the  mean.  Assuming  a  constant  rate  of  solid  nH2  thickness  growth  vs. 
amount  of  nH2  deposited,  we  can  go  back  to  Figure  90  and  estimate  solid  nH2  overcoat  layer 
thicknesses  of  «  200  nm  for  the  deposition  ending  at  09:56,  and  «  30  nm  at  11:16. 

Figure  93  shows  results  from  a  similar  experiment  with  a  solid  nD2  overcoat  layer  built 
up  by  depositing  the  same  amount  of  nD2  onto  a  Ne  moderator  in  six  discrete  steps.  We  acquired 
IR  absorption  data  from  thin  nH2  and  nD2  films  showing  interference  fringes  for  the  purpose  of 
calibrating  the  intensities  of  the  absorption  features.  However,  we  have  not  completed  their 
analysis,  yet,  and  so  postpone  a  detailed  discussion  of  the  thickness  of  the  attenuating  layers. 
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Figure  93.  nD2  attenuator  grown  on  10.5-pm-thick  Ne  moderator  [CM05051A] 
Ne  evaporated  from  T0/p  «  25  K  o/p  converter  +  35.4  pmol  nD2  deposited  in  six  steps 
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3.D.2.  Solid  CO  and  solid  H20  on  solid  Ne 


We  also  performed  overcoated  layer  positron  attenuation  experiments  with  solid  CO  and 
H20  ice  films  deposited  on  working  Ne  moderators.  Figure  94  shows  the  results  obtained  by 
depositing  1 1.3  pmol  of  CO  in  five  discrete  steps.  Clearly,  the  solid  CO  is  more  effective  (on  a 
molar  basis)  at  reducing  the  flux  of  slow  positrons  than  is  either  solid  nH2  or  nD2.  The  IR 
absorption  spectrum  of  the  final  CO  film  (not  shown)  includes  a  strong  absorption  feature  due  to 
trapped  C02,  which  is  apparently  present  in  our  CO  sample  as  an  impurity  at  the  *  6  %  level. 

Figure  95  shows  the  results  of  overcoating  a  Ne  moderator  with  an  amorphous  water  ice 
film  made  by  depositing  3.64  pmol  of  H20  vapor  in  four  discrete  steps.  Handling  and  metering 
H20  in  this  manner  poses  special  problems  because  water  is  “sticky,”  i.e. :  a  significant  fraction 
of  the  water  in  our  manifold  is  adsorbed  on  the  interior  surfaces  [82],  Furthermore,  the  vapor 
pressure  of  water  at  room  temperature  is  only  «  20  torr,  so  working  pressures  in  this  ballpark 
increase  the  fraction  of  adsorbed  water  and  even  risk  the  formation  of  condensed  bulk  water 
deposits  in  the  manifold.  We  attempt  to  mitigate  these  effects  by  working  at  much  lower  H20 
pressures  in  our  manifold,  and  by  inducing  only  very  small  changes  to  this  pressure  during  a 
deposition.  For  example,  producing  the  sample  depicted  in  Figure  95  involved  a  change  in 
manifold  pressure  from  3.421  to  3.002  torr. 
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Figure  94.  CO  attenuator  grown  on  10.6-pm-thick  Ne  moderator  [CM05057A] 

1.63  mmol  Ne  through  T0/p  =  27.0  K  o/p  converter  +  11.3  pmol  CO  deposited  in  five  steps 
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13:20  13:40  14:00  14:20  14:40  15:00  15:20 

CM05061A  laboratory  time  (hh:mm:ss) 

Figure  95.  H20  attenuator  grown  on  10.9-|a,m-thick  Ne  moderator  [CM05061A] 

1.61  mmol  Ne  through  T0/p  =  27.0  K  o/p  converter  +  3.64  pmol  H20  deposited  in  four  steps 
Permanent  magnet  applied  to  positron  transport  tube  from  13:50:30  to  13:59:00 

Figure  95  also  shows  the  effect  of  placing  a  strong  permanent  magnet  in  contact  with  the 
outer  wall  of  the  magnetically  guided  slow  positron  transport  tube.  We  estimate  that  this 
produces  a  transverse  magnetic  field  of  «  60  G  at  center  of  transport  tube,  completely  blocking 
the  passage  of  slow  positrons.  However,  the  CEM  signal  for  the  RPA  Off  state  does  not  go  to 
zero,  confirming  that  this  contribution  to  the  signal  is  not  due  to  transport  of  a  charged  species. 

3.D.3.  Solid  H20  on  solid  Kr 

Figure  96  shows  the  CEM  signal  during  RPA  scans  for  an  amorphous  water  ice  layer 
deposited  very  slowly  onto  a  working  Kr  moderator.  Prior  to  the  H20  deposition,  the  CEM 
signal  for  the  RPA  On  condition  was  «  5  cps,  so  the  ice  layer  has  decreased  the  slow  positron 
yield  to  less  than  half  the  original  value. 

Figure  97  shows  a  broad  IR  absorption  peaking  near  3290  cm"1  due  to  the  amorphous  ice 
layer  [71,83,84],  In  principle,  we  should  be  able  to  quickly  calculate  a  thickness  for  this  ice 
layer  from  the  strength  of  this  absorption  feature.  However,  our  thickness  values  calculated  by 
comparison  with  spectra  presented  in  Refs.  [71],  [83],  and  [84]  differ  by  more  than  a  factor  of 
two,  and  we  require  additional  study  to  understand  this  discrepancy.  Hence  we  limit  our 
thickness  estimate  to  ~  100  nm,  with  no  specified  error  estimate.  Nonetheless,  it  is  clear  that 
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18:30  18:40  18:50  19:00  19:10  19:20 

CM04109F  laboratory  time  (hh:mm:ss) 

Figure  96.  H20  attenuator  on  31.6-pm-thick  Kr  moderator  [CM04109F] 

1.54  mmol  Kr  through  T0/p  =  120  K  o/p  converter  +  9.4  pmol  H20  deposited  over  4.4  hours 

the  9.4  |_imol  H20  deposited  onto  the  Kr  moderator  has  less  effect  than  the  3.64  pmol  H20 
deposited  onto  the  Ne  moderator  in  Figure  95. 

Figure  98  shows  the  RPA  scan  compiled  from  the  data  in  Figure  96,  which  appears 
considerably  broadened  and  shifted  to  lower  retarding  potential  than  the  data  shown  for  Kr 
moderators  above  in  Section  3.C.3.  It  is  unclear  if  this  shift  is  due  to  surface  charging  effects,  or 
to  a  modification  to  the  positron  KED  by  the  amorphous  water  ice  overlayer. 


Figure  97.  IR  absorbance  spectrum  of  sample  depicted  in  Figure  96  [MF13045.98] 
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Figure  98.  Compiled  RPA  scans  for  data  shown  in  Figure  96  [CM04109F] 

<On>  =  1.8  cps,  <Off>  =  0.1  cps,  50%  @  39.8  V,  AV10-90  =  6.1  V 

3.E.  Positron  Moderation  Experiments  in  Doped  Rg  Moderators 

3.E.I.  Doped  solid  Ne 

We  also  wanted  to  determine  if  the  strong  positron  attenuation  observed  for  the  H2,  D2, 
CO,  and  H20  cryosolid  overlayers  was  due  to  collective  effects  in  these  solids,  or  if  the  positrons 
would  also  interact  strongly  with  the  individual  molecules  isolated  in  the  Rg  moderators. 


Figure  99.  «  47-mm-thick  1%  Ar/Ne  moderator  [MF12135B]  6.48  mmol  Ne  through  T0/p  = 
27.0  K  o/p  converter  co-deposited  with  68  pmol  Ar  over  45  min. 
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Figure  100.  Compiled  RPA  scans  for  data  shown  in  Figure  99  [MF12135B] 

<On>  =  6.0  cps,  <Off>  =  0.9  cps,  50%  @  40.2  V,  AV10-90  =  4.0  V 

To  test  the  effects  of  simple  structural  disorder  caused  by  impurities  in  solid  Ne,  we 
codeposited  a  1  %  Ar-doped-in-Ne  (Ar/Ne)  moderator,  as  shown  in  Figure  99.  The  «  6  cps  CEM 
signal  in  the  RPA  On  mode  is  only  about  1/3  of  that  expected  for  a  pure  Ne  moderator  of  this 
thickness,  but  it  is  more  than  double  the  best  signals  we  obtained  from  pure  Ar  moderators.  The 
compiled  RPA  scans  in  Figure  100  show  a  considerable  broadening  of  the  RPA  On  -  Off 
transition  relative  to  pure  Ne  moderators. 


CM04091C  laboratory  time  (hh: mm :ss) 

Figure  101.  «  62-p.m-thick  220  ppm  CO/Ne  moderator  [CM04091C]  8.65  mmol  Ne 
through  T0/p  =  27.0  K  o/p  converter  co-deposited  with  1.87  pmol  CO  over  29  min 
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Figure  102.  IR  absorbance  spectrum  of  sample  depicted  in  Figure  101  [MF13017.il] 

Figure  101  shows  results  from  a  thick,  nominally  220  ppm  CO/Ne  moderator;  the  much 
lower  concentration  CO  dopant  is  almost  as  effective  at  reducing  the  slow  positron  yield  as  is  the 

1  %  Ar  dopant.  The  spectrum  in  Figure  102  shows  clear  peaks  for  13C160  near  2094  cm'* 1,  for 
12C160  near  2141  cm'1,  for  12C1602  near  2348  cm'1,  and  for  the  12C160  overtone  near  4255  cm'1. 

Figure  103  shows  compiled  RPA  scan  data  for  this  sample.  The  RPA  On  to  Off 
transition  appears  to  be  slightly  broader  than  for  the  pure  Ne  moderator  of  comparable  thickness 
shown  above  in  Figure  58. 


Figure  103.  Compiled  RPA  scans  for  data  shown  in  Figure  101  [CM04091C] 
<On>  =  10.7  cps,  <Off>  =  1.0  cps,  50%  @  39.6  V,  AV10-9o  =  3.2  V 
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Figure  104.  »  61-pm-thick  600  ppm  CO/Ne  moderator  [CM04093C]  8.50  mmol  Ne 
through  T0/p  =  27.0  K  o/p  converter  co-deposited  with  5.13  pmol  CO  over  30  min 

Figure  104  shows  results  from  a  nominally  600  ppm  CO/Ne  moderator  codeposited  later 
in  the  same  day  as  the  220  ppm  CO/Ne  sample  depicted  in  Figure  101;  the  slow  positron  yield  is 
decreased  even  further  by  the  additional  CO  dopant.  As  expected,  Figure  105  shows  roughly  3x 
stronger  versions  of  the  same  trapped  CO  and  CO2  IR  absorptions  seen  above  in  Figure  102.  The 
RPA  scan  data  in  Figure  106  clearly  show  additional  broadening  of  the  RPA  On  to  Off 
transition,  and  a  shift  of  the  midpoint  to  lower  retarding  potential. 
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Figure  105.  IR  absorbance  spectrum  of  sample  depicted  in  Figure  104  [MF13021.12] 
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TSub(K)  CEM/ 100  Sec  Coin/ 100  Sec  Gate(V) 


Figure  106.  Compiled  RPA  scans  for  data  shown  in  Figure  104  [CM04093C] 
<On>  =  8.7  cps,  <Off>  =  0.7  cps,  50%  @  38.8  V,  AV10-90  =  4.2  V 


Figure  107.  10.1-pm-thick  660  ppm  nH2/Ne  moderator  [CM05049B]  1.63  mmol  Ne 
through  T0/p  =  27.0  K  o/p  converter  co-deposited  with  1.10  pmol  nH2  over  6  min 
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Figure  108.  Compiled  RPA  scans  for  data  shown  in  Figure  107  [CM05049B] 

<On>  =  2.1  cps,  <Off>  =  0.6  cps,  50%  @  40.4  V,  AV10-90  =  3.4  V 

Figure  107  shows  results  from  a  nominally  660  ppm  nH2/Ne  moderator;  the  compiled 
RPA  scans  for  these  data  are  shown  in  Figure  108.  The  nH2  dopant  reduces  the  positron  yield 
about  1/2  of  that  for  the  contemporary  and  comparable  thickness  pure  Ne  moderators  depicted  at 
the  starts  of  Figures  93-95,  and  broadens  the  RPA  On  -  Off  transition. 

3.E.2.  Doped  solid  Kr 


CM04111C  laboratory  time  (hh:mm:ss) 


Figure  109.  25.3-p.m-thick  280  ppm  H20/Kr  moderator  [CM04111C]  1.55  mmol  Kr 
through  T0/p  =  307  K  o/p  converter  co-deposited  with  0.43  pmol  H20  over  31  min 
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Figure  110.  IR  absorbance  spectrum  of  sample  depicted  in  Figure  109  [MF13061.15] 

Figure  109  shows  results  from  a  nominally  280  ppm  H20/Kr  moderator.  The  H2O  dopant 
reduces  the  slow  positron  yield  to  about  2/3  of  that  for  the  comparable  thickness  pure  Kr 
moderator  depicted  above  in  Figure  75.  Figure  110  shows  clear  transmission  interference 
fringes,  and  water  monomer  and  cluster  absorptions,  notably:  cyclic-(H20)3  at  3514  cm'1,  and 
(H20)2  at  3569  cm'1  [77],  The  compiled  RPA  scan  data  in  Figure  111  fall  in  line  with  our 
previously  presented  data  from  nominally  pure  Kr  moderators. 


Figure  111.  Compiled  RPA  scans  for  data  shown  in  Figure  110  [CM04111C] 
<On>  =  3.2  cps,  <Off>  =  0.1  cps,  50%  @  42.2  V,  AV10-90  =  5.2  V 
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CM041 13B  laboratory  time  (hh:mm:ss) 

Figure  112.  32.8-p,m-thick  1700  ppm  H20/Kr  moderator  [CM04113B]  1.81  mmol  Kr 
through  T0/p  =  307  K  o/p  converter  co-deposited  with  3.13  pmol  H20  over  38  min 


Figure  1 12  shows  results  from  a  nominally  1700  ppm  FI20/Kr  moderator.  The  additional 
H20  dopant  further  reduces  the  slow  positron  yield  to  less  than  !4  of  that  shown  in  Figure  75. 
Figure  1 13  shows  clear  transmission  interference  fringes,  stronger  versions  of  the  water  cluster 
absorption  seen  in  Figure  1 10,  and  new  peaks  for  cyclic-(H20)4  at  3370  cm'1  [77],  and  at  3312 
cm'1  {(H20)5  ?}  and  3208  cm-1  {(H20)6  ?}.  The  compiled  RPA  scan  data  in  Figure  114  show  a 
shift  to  higher  retarding  potentials  and  considerable  broadening  compared  to  pure  Kr  moderators. 


Figure  113.  IR  absorbance  spectrum  of  sample  depicted  in  Figure  112  [MF13065.17] 
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Figure  114.  Compiled  RPA  scans  for  data  shown  in  Figure  112  [CM04113B] 

<On>  =  1.8  cps,  <Off>  =  0.1  cps,  50%  @  43.6  V,  AV10-90  =  6.2  V 

4.  DISCUSSION 

4.A.  Spectroscopic  Characterization  of  Cryogenic  Moderators 

The  application  of  Matrix  Isolation  Spectroscopy  (MIS)  to  characterizing  cryogenic  solid 
positron  moderators  provides  new  information  that  illuminates  a  number  of  issues.  The  simple 
analysis  of  the  observed  transmission/reflection  interference  fringes  presented  above  in  Section 
2.C.4  yields  a  quantitative  measure  of  the  physical  thickness  of  the  moderator.  The  side  view  of 
the  pH2  solid  depicted  above  in  Figure  39  reveals  a  wedged  shape  deposit,  thicker  at  the  bottom 
of  the  substrate  which  is  closer  to  the  cold  pH2  gas  delivery  tube  [57].  We  expect  similar  shapes 
for  moderators  up  to  a  few  mm  thick;  for  thicker  solids  shadowing  of  the  top  of  the  deposition 
substrate  leads  to  more  pronounced  wedging  and  eventually  to  a  highly  curved  deposit  [65].  We 
estimate  a  ±  10  %  variation  in  thickness  from  the  centerline  value  across  the  «  8-mm-tall  field  of 
view  of  the  photo.  According  to  the  SIMION  calculations  presented  in  Figure  27,  this  field  of 
view  corresponds  roughly  with  the  region  of  the  moderator  from  which  slow  positrons  are 
efficiently  collected  and  launched  into  the  solenoid  transport  tube.  So  we  take  ±  10  %  as  a 
reasonable  estimate  of  the  range  of  moderator  thicknesses  contributing  to  each  of  our  slow 
positron  measurements. 

The  IR  diagnostic  is  also  useful  in  assessing  the  purity  of  a  moderator,  and  in  identifying 
the  presence  of  an  overcoated  layer  of  a  strong  IR  absorber,  like  the  water  ice  shown  above  in 
Figure  97.  The  IR  spectra  can  also  provide  quantitative  concentrations  for  well-isolated  dopants 
or  impurities  [65],  At  higher  concentrations,  this  analysis  is  complicated  by  dopant  clustering, 
especially  for  species  like  H20  which  engage  in  strong  hydrogen-bonding  that  alters  the  inherent 
strengths  of  the  IR  absorptions.  In  such  cases,  a  concentration  estimate  can  still  be  made  by 
comparison  of  the  “fingerprint”  pattern  of  cluster  absorption  features  ( e.g .  Figures  110  and  113) 
with  those  of  samples  with  known  dopant  concentrations. 
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For  pH2  solids,  we  can  calculate  sample  thicknesses  directly  from  the  pH2  absorptions, 
using  the  approach  described  in  Figure  17  and  Tables  3  and  4,  and  as  demonstrated  above  for  the 
sample  depicted  in  Figure  89.  High  resolution  IR  spectra  of  pH2  solids  reveal  a  wealth  of 
information,  including:  the  mixed  hcp/fcc  microstructure  of  as-deposited  solids  seen  in  Figure 
35,  the  laboratory  frame  alignment  of  annealed  hep  crystallites  revealed  by  analysis  of  the 
PIRAS  spectra  shown  in  Figures  36  and  37,  the  quantitative  determination  of  residual  oH2 
content  from  the  impurity-induced  IR  absorptions  as  shown  for  Figure  87.  We  are  still  analyzing 
data  to  calibrate  the  strengths  of  the  IR  absorptions  of  nH2  and  nD2  solids  to  enable  thickness 
measurements,  and  will  report  these  results  later.  We  had  hoped  to  detect  the  presence  of 
charged  radiation  damage  products  in  our  pH2  solids,  as  suggested  by  Figure  18,  but  the 
relatively  low  dosages  absorbed  in  our  experiments  did  not  yield  observable  signals. 

The  main  downside  of  employing  MIS  techniques  in  our  experiments  is  the  requirement 
for  optical  access  to  the  cryogenic  moderator.  Our  brute-force  implementation,  with  irregularly 
shaped  holes  cut  into  the  radiation  shield,  results  in  direct  radiative  heating  of  the  moderators  by 
the  room-temperature  surroundings.  Additionally,  our  choice  of  a  vertical  orientation  for  the 
deposition  cryostat  axis  and  a  perpendicular  horizontal  orientation  for  the  slow  positron  transport 
tube  results  in  breaking  the  cylindrical  symmetry  about  the  axis  of  the  positron  collection  ion 
optics.  This  (along  with  the  grounded  radiation  shield  with  the  irregular  optical  access  hole) 
introduces  large  variations  in  the  electric  fields  experienced  by  the  slow  positrons  on  their  way 
from  the  moderator  to  the  ion  optics,  and  may  account  for  much  of  the  »  1.2  V  width  of  the  RPA 
On  to  Off  transition  seen  above  in  Figure  41. 

4.B.  Positron  Moderation 

We  begin  this  section  by  confirming  that  our  CEM  signals  are  due  to  slow  positrons. 

4.B.I.  Origin  of  CEM  signal 

Figure  115  shows  a  correlation  plot  for  the  y-y  coincidence  and  CEM  data  obtained  from 
a  24.6-pm-thick  Ne  moderator,  as  presented  above  in  Figure  62.  The  strong  linear  correlation 
demonstrates  that  some  part  of  the  CEM  signal  is  due  to  slow  positrons  arriving  in  the 
Annihilation  chamber,  but  the  non-zero  intercept  of  the  straight  line  fit  deserves  additional 
comment. 

The  backgrounds  (with  22Na  source  in  Active  position,  warm  moderator  substrate)  for  the 
two  measurement  techniques  are  indicated  by  the  two  blue  dashed  lines  in  Figure  115.  Even 
though  we  placed  lead  brick  shielding  between  the  22Na  source  and  the  Nal(Tl)  detectors  (see 
Figures  33  and  34),  Compton  scattering  by  the  surroundings  of  the  gamma  radiation  escaping  the 
Moderation  chamber  leads  to  a  «  0.3  cps  background  for  the  y-y  coincidence  channel.  This  is 
comparable  to  the  difference  between  RPA  On  and  Off  coincidence  signals  shown  in  Figure  115, 
and  illustrates  why  this  measurement  channel  did  not  see  more  use  during  our  project.  In 
contrast,  the  background  for  the  much  more  sensitive  CEM  channel  is  an  order  of  magnitude 
lower  («  0.03  cps).  However,  the  CEM  signal  in  the  RPA  Off  state  does  not  return  to  the 
background  in  this  experiment,  demonstrating  that  there  is  another  contribution  to  the  CEM 
signal  besides  slow  positrons. 
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Figure  115.  y-^y  coincidence  and  CEM  data  from  Figure  62  [CM05035D] 

We  considered  and  discarded  a  number  of  candidates  for  the  source  of  the  RPA  Off  CEM 
signal.  It  requires  the  presence  of  a  ~  10  pm  thickness  cryogenic  moderator,  so  we  exclude 
Compton-scattered  or  X-ray  fluorescence  photons  from  the  Au/Cu  deposition  substrate. 
Application  of  a  strong  transverse  magnetic  field  to  the  slow  positron  transport  tube  midpoint  has 
no  effect  on  the  signal,  as  shown  above  in  Figure  95,  demonstrating  that  it  is  not  due  to  transport 
of  a  charged  species  between  the  Moderator  and  Annihilation  chambers.  We  imagine  two 
plausible  possibilities:  (1)  vacuum  ultraviolet  (VUV)  photoemission  from  the  irradiated  Rg 
moderators  [85],  and  gas-phase  transport  of  neutral  metastable  electronically  excited  Rg*  atoms. 


Figure  116.  CEM  signals  vs.  Ne  moderator  thickness;  RPA  <On>  -  <Off>  and  <Off> 
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Figure  1 16  shows  a  plot  of  the  CEM  signals  from  only  those  Ne  moderators  for  which  we 
were  able  to  measure  the  thicknesses  from  the  interference  fringes  in  the  IR  spectra.  The  upper 
curve  shows  the  amplitude  of  the  RPA  modulated  CEM  signal,  i.e.  the  difference  observed 
between  the  On  and  Off  states,  and  the  bottom  shows  the  RPA  Off  CEM  signal.  The  linear 
growth  of  the  RPA  Off  CEM  signal  with  sample  thickness  suggests  that  the  entire  bulk  of  the  Ne 
moderator  contributes  to  the  signal.  Likewise,  the  ability  of  the  unknown  carrier  to  pass  through 
the  initial  overcoat  layers  in  the  attenuation  experiments  depicted  in  Figures  91,  93,  94  and  95 
also  argues  against  a  surface-emission  process.  Hence,  we  believe  that  volumetric  VUV 
photoemission  from  the  moderator,  with  these  photons  reflected  at  the  bend  of  the  positron 
transport  tube  onto  the  CEM  detector,  is  the  most  likely  explanation. 

We  confirmed  that  the  CEM  detector  is  very  sensitive  to  UV  illumination  by  a  Hg/Ar  pen 
lamp.  We  also  attempted  (unsuccessfully)  to  detect  the  VUV  emission  from  working  Rg 
moderators  directly  using  a  solar-blind  photomultiplier  tube,  which  is  only  sensitive  to  160-320 
nm  photons,  placed  just  outside  a  MgF2  window  on  the  side  of  the  Moderation  chamber. 
Unfortunately,  the  VUV  emissions  of  Ne,  Ar,  and  Kr  do  not  overlap  the  sensitive  wavelength 
region  of  the  PMT,  and  the  Xe*  emission  at  175  nm  [85]  is  on  the  high-energy  edge  of  the  PMT 
response  curve,  so  this  null  result  is  inconclusive. 

The  growth  of  the  RPA  On  minus  RPA  Off  CEM  signal  in  Figure  116  seems  to  follow  a 
logarithmic  dependence  on  moderator  thickness;  the  solid  line  fit  is  for  y  =  y0  +  a  logio(x),  with 
yo  =  0.585  cps,  a  =  3.931  cps,  and  x  in  microns.  The  simple  1-D  model  discussed  in  Appendix  A 
predicts  an  exponential  growth  with  a  definite  asymptote.  Unfortunately,  we  were  not  able  to 
extend  our  interferometric  thickness  determinations  far  enough  to  establish  this  limit  with 
confidence. 


4.B.2.  Apparent  shifts  in  RPA  scans 

For  our  Ne  moderators,  we  observe  a  clear  shift  of  the  midpoints  of  the  RPA  scans  to 
lower  retardation  potential  with  increasing  moderator  thickness.  The  trends  for  Ar,  Kr,  and  Xe 
moderators  are  not  as  clear,  and  perhaps  are  masked  by  their  broader  On  to  Off  transitions, 
and/or  their  weaker  signals  relative  to  Ne.  One  possible  contribution  to  the  observed  shift  for  Ne 
samples  is  that  the  vacuum  surfaces  of  the  thicker  moderators  are  simply  closer  to  the  ion  optics 
package,  so  that  those  moderators  release  positrons  at  lower  electrostatic  potentials.  However, 
the  spacing  between  the  deposition  substrate  and  the  first  collection  element  is  39  mm,  so  a 
potential  difference  of  85  V  corresponds  to  an  electric  field  of  only  2.2  V/mm  (or  2.2  mV/pm) 
which  is  much  too  small  to  account  for  the  observed  shifts.  Thus,  surface  charging  of  the 
moderators  [78,79]  appears  to  be  the  most  likely  explanation. 

We  speculate  that  the  lesson  of  the  Ne  moderator  grown  “in  the  dark”  (see  Figures  59-61) 
is  that  the  ultimate  distribution  of  charged  species  depends  on  the  manner  in  which  the  moderator 
is  first  exposed  to  the  radiation  from  the  22Na  source.  The  gradual  growth  in  moderator 
efficiency  over  the  first  20  minutes  of  irradiation  must  somehow  be  due  to  the  buildup  of  these 
charged  products,  possibly  at  the  moderator  surface?  This  could  account  for  the  very  narrow 
RPA  On  to  Off  transition,  and  the  low  midpoint  retarding  potential. 
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4.B.3.  Relative  positron  moderation  efficiencies 

Figure  117  shows  compiled  RPA  scans  for  “typical”  Ne,  Kr,  Ar,  and  pH2  moderators. 
The  sequence  of  observed  moderation  efficiencies  SNe  >  £&  >  £at  matches  the  literature  [20-26], 
The  CEM  signal  for  the  pH2  solid  does  not  appear  to  be  modulated  by  the  RPA  scan;  its  average 
magnitude  of  0. 13  cps  is  less  than  2%  of  the  modulated  CEM  signal  for  the  Ne  moderator.  For 
another  example,  the  average  CEM  signal  for  the  pH2  solid  shown  in  Figure  86  is  0.08  cps,  the 
RPA  On  minus  Off  modulated  CEM  signal  for  the  contemporary  Ne  moderator  in  Figure  56  is 
20.3  cps.  Even  ascribing  the  entire  magnitude  of  the  pH2  CEM  signal  in  Figure  86  to  slow 
positrons  yields  a  limit  on  the  positron  moderation  efficiency  of  solid  pH2  of  sph2  <  0.004  sNe. 


Figure  117.  Comparison  of  RPA  scans  for  typical  Ne,  Kr,  Ar,  and  pH2  moderators 
[CM04055G,  CM04109B,  CM04095B,  CM04071C] 

4.C.  Positron  Attenuation  by  Cryosolid  Layers 

4.C.I.  Ne  moderators 

Figure  118  shows  a  comparison  of  the  attenuation  of  slow  positrons  from  Ne  moderators 
overcoated  by  solid  nH2,  nD2,  CO,  and  H20  layers.  The  normalized  RPA  On  minus  RPA  On 
CEM  signals  are  plotted  against  the  amount  of  attenuator  gas  deposited.  Using  the  analysis 
discussed  above  in  connection  with  Figure  92,  we  estimate  the  thickness  of  the  solid  nH2  layer 
yielding  50  %  attenuation  of  the  slow  positrons  as  «  15  nm.  The  observed  ordering  of  positron 
attenuation  effectiveness  H20  >  CO  >  nH2  >  nD2  agrees  with  the  trend  of  total  cross  sections  for 
positron-molecule  scattering  at «  1  eV  energies  [86-88],  The  fact  that  nH2  is  more  effective  than 
nD2  at  stopping  slow  positrons  points  to  the  role  of  molecular  rotational  and/or  vibrational  states; 
the  0.5  eV  absorbed  by  an  H2  molecule  upon  vibrational  excitation  may  be  just  the  right  amount 
of  on  energy  needed  to  stop  the  positrons.  Finally,  we  demonstrated  above  in  Figure  90  that 
slow  positrons  do  not  cross  a  buried  Ne:pH2(200nm):Ne  interface,  so  the  strong  slow  positron 
attenuation  by  nH2  is  not  a  property  of  the  vacuum  surface  of  the  nH2  solid. 
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Figure  118.  Positron  attenuation  by  nD2,  nEh,  CO,  and  H2O  overlayers  on  Ne  moderators 
4.C.2.  Kr  moderators 

The  much  broader  KED  for  slow  positrons  emitted  from  Kr  moderators  (as  compared  to 
Ne)  may  be  responsible  for  the  differences  observed  in  positron  attenuation  experiments. 

Figure  1 19  shows  a  comparison  of  compiled  RPA  scans  for  the  pure  Kr  moderator  depicted 


Figure  119.  Comparison  of  effects  of  H20  in  and  on  Kr  moderators 
[CM04109B,  CM04109F,  CM04113B] 

109B:  <On>  =  4.7  cps,  <Off>  =  0.2  cps,  50%  @  42.6  V,  AV10-90  =  5.0  V 
109F:  <On>  =  1.8  cps,  <Off>  =  0.1  cps,  50%  @  39.8  V,  AV10-90  =  6.1  V 
113B:  <On>  =  1.8  cps,  <Off>  =  0.1  cps,  50%  @  43.6  V,  AV10-90  =  6.2  V 
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AA10(3280  cm"') 

Figure  120.  Dependence  of  CEM  signal  on  H2O  ice  thickness  on  Kr  moderator  [CM04109] 

above  in  Figure  75,  the  ~  100-nm-thick  water  ice  coated  Kr  moderator  (9.4  pmol  H20)  depicted 
in  Figure  96,  and  the  1700  ppm  H20/Kr  moderator  (3.13  pmol  H20)  depicted  in  Figure  1 12.  As 
mentioned  above  in  Section  3.D.3,  and  by  comparison  with  the  Ne  moderator  data  summarized 
in  Figure  118,  the  water  ice  coating  is  much  less  effective  at  stopping  slow  positrons  from  Kr 
than  from  Ne.  The  water  ice  coating  also  shifts  the  midpoint  of  the  RPA  scan  to  lower  retarding 
potential  by  nearly  3  V. 

Rather  surprisingly,  the  smaller  amount  of  H20  (3.13  pmol)  dispersed  as  monomers  and 
small  clusters  throughout  the  1700  ppm  H20/Kr  moderator  is  as  effective  as  the  larger  amount 
(9.4  pmol  H20)  deposited  as  a  solid  water  ice  overlayer.  Part  of  the  answer  to  this  riddle  may  be 
seen  in  Figure  120,  which  shows  the  strange  dependence  of  the  slow  positron  signal  on  the 
thickness  of  the  H20  overlayer  (represented  by  the  height  of  the  3280  cm'1  IR  absorption  feature 
shown  in  Figure  97).  Initially,  the  positron  signal  drops  rapidly  with  ice  thickness,  but  then  this 
trend  levels  off;  as  if  the  additional  ice  was  not  impeding  the  progress  of  positrons  that  transited 
the  earlier  deposits.  One  possible  explanation  is  that  the  upper  layers  of  the  ice  deposit  are 
formed  with  lower  densities  than  the  underlying  amorphous  ice,  and  perhaps  have  even  become 
porous. 

4.D.  Positron  Attenuation  by  Dispersed  Dopants 

Figure  121  shows  slow  positron  signals  from  three  «  30-pm-thick  Kr  moderators 
containing  increasing  concentrations  of  H20  dopant,  estimated  as  1,  280,  and  1700  ppm.  The 
general  trend  of  decreasing  moderation  efficiency  with  increasing  H20  dopant  concentration 
agrees  with  the  results  reported  in  Ref.  [89],  but  our  nominal  dopant  concentrations  required  to 
produce  a  given  effect  differ  from  theirs  by  two-to-three  orders  of  magnitude.  Figure  122  shows 
IR  absorption  spectra  of  the  three  Kr  moderators,  from  which  we  hope  to  tease  out  confirmation 
for  our  dopant  concentration  estimates. 
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Figure  121.  Dependence  of  CEM  signal  on  H2O  dopant  concentration  in  Kr  moderators 

[CM04109B,  CM04111C,  CM04113B] 


Figure  122.  IR  absorbance  spectrum  of  samples  depicted  in  Figure  121 
[MF13045.28,  MF13061.15,  MF13065.17] 
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5.  CONCLUSIONS 


Despite  all  our  hopes  and  expectations  to  the  contrary,  solid  pH2  is  not  a  positron 
moderator.  We  did  not  see  any  influence  of  the  residual  oH2  concentration  on  the  effectively- 
zero  positron  moderation  efficiency  of  our  hydrogen  solids.  The  slightly  weaker  appetite  for 
slow  positrons  emerging  from  a  Ne  moderator  exhibited  by  nD2  vs.  nH2  solid  films  (Figure  118) 
points  to  the  role  of  the  molecular  rovibrational  states.  We  note  that  the  positron-Ne  total 
scattering  cross  section  has  a  «  2-eV-wide  transmission  “window”  centered  at  a  collision  energy 
of  «  1  eV  [90],  This  corresponds  roughly  with  the  kinetic  energies  of  the  moderated  positrons 
emitted  from  solid  Ne.  The  positron-H2  total  scattering  cross  section  increases  dramatically  for 
decreasing  collision  energies  below  «  2  eV  [88],  closing  off  the  Ne  transmission/moderation 
window.  A  brief  search  of  the  literature  did  not  turn  up  any  positron-D2  scattering  data;  it  would 
be  very  interesting  to  see  if  the  lower  excitation  energies  to  the  D2  rovibrational  states  make  a 
noticeable  difference  in  the  energy  dependence  of  total  scattering  cross  section. 

The  application  of  matrix  isolation  spectroscopy  techniques  to  the  study  of  positron 
moderation  in  cryogenic  solids  offers  real  and  valuable  advantages.  We  are  able  to  accurately 
determine  via  interferometry  the  centerline  thicknesses  of  our  moderators;  an  improved  gas 
delivery  geometry  could  yield  flat,  non-wedged  deposits.  We  can  also  analyze  the  absorption 
spectra  to  quantify  the  amounts  of  isolated  dopants  and/or  surface  deposits  for  infrared-active 
species.  An  improved  implementation  should  include  preservation  of  axial  symmetry  between 
the  cryogenic  deposition  substrate,  the  radiation  shield,  and  the  ion  optics.  Perhaps  fiber  optics 
could  be  used  to  provide  optical  access  to  the  moderator  through  minimum  sized  holes  in  the 
radiation  shield? 

The  combination  of  physical  separation  of  the  22Na  positron  source  from  the  cryogenic 
deposition  substrate,  and  the  use  of  a  simple  reflection  moderation  geometry,  offers  valuable 
experimental  advantages.  For  example,  it  enables  experiments  to  isolate  the  effects  of 
accumulated  surface  impurities  from  those  of  built-up  radiation  damage  on  the  early  time 
dependence  of  the  moderation  efficiency.  The  “grown  in  the  dark”  Ne  moderator  experiment 
depicted  in  Figure  59  shows  an  increase  in  moderation  efficiency  in  the  first  *  20  minutes  of 
exposure  to  the  22Na  source.  However,  this  sample  had  already  been  exposed  to  residual 
impurities  in  the  vacuum  environment  for  «  30  minutes  prior.  This  result  illuminates  the  similar 
early-time  growth  in  moderation  efficiency  reported  in  Ref.  [89]. 

Finally,  the  single  most  practical  result  from  this  study  is  that  surprisingly  thin  films  of 
solid  CO  or  H2  can  influence  the  moderation  efficiency  of  a  rare  gas  solid.  Since  these  are  the 
dominant  residual  gas  species  in  an  ultrahigh  vacuum  chamber,  our  results  may  serve  to  motivate 
additional  efforts  to  mitigate  their  access  to  the  cryogenic  moderator  in  long-endurance 
experiments. 
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APPENDIX  A:  Positron  Moderation  Efficiency  1-D  Model 

We  extend  a  simple  one-dimensional  (1-D)  reflection  geometry  moderation  model  [1]  to 
include  positron  moderation  in  transmission  geometry.  The  main  parameters  of  this  model  are 
the  characteristic  implantation  depth  (£)  for  fast  positrons,  and  the  characteristic  hot  diffusion 
length  (L+)  for  epithermal  positrons.  Assuming  a  fast  positron  implantation  profile: 


Pimp(x)  =  (l/£)  exp(-x/£)  (A  1 ) 

and  a  surface  return  probability: 

P  ret(x)  =  exp(-x/L+)  (A2) 

we  calculate  the  positron  moderation  efficiencies  as  a  function  of  the  moderator  thickness,  D.  In 
reflection  geometry: 

Pmod(D)  =  (l/£)  J0°  Pimp(x)  Pret(x)  dx  (A3) 

=  [L+/(£  +  L+)]  [  1  -  exp {-D[(£  +  L+)/£  U] } ]  (A4) 

which  has  the  limit: 

P mod(D)  — ^  L+/(£  L  )  as  D  — ^  co  (A5) 

In  transmission  geometry: 

Pmod(D)  =  (l/£)  /0°  Pimp(x)  Pret(D-x)  dx  (A6) 

=  [L ,+/(£  -  L+)]  [exp(-D/£)  -  exp(-D/L+)]  (A7) 

Setting  the  derivative  of  Equation  (6)  with  respect  to  D  to  zero  yields  the  optimum  transmission 
moderator  thickness: 

Dopt  =  [£  L+/(£  -  L+)]  loge(£  /L+)  (A8) 

The  transmission  moderator  efficiency  at  this  thickness  Dopt  reduces  to: 


Pmod(Dopt)  =  (£/L+)  A  [£/(L+  -  £)] 


(A9) 


where  the  caret  signifies  exponentiation,  i.e.:  a  A  b  =  a  . 

The  results  plotted  in  Figure  4  have  the  functional  forms  shown  in  Equation  (A5)  and  Equation 
(A9). 
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APPENDIX  B:  Naive  PIRAS  Polarization  Analysis 

A  general  analysis  of  the  polarization  dependences  in  our  experiment  would  require  the 
calculation  of  crystal-field-perturbed  rotational  states  for  dopant  molecules  in  hep  pH2  solid 
crystallites  having  arbitrary  orientations  relative  to  the  deposition  substrate  —  which  is  beyond 
the  scope  of  this  report.  Instead,  we  discuss  our  doped  solid  pH2  IR  spectral  data  within  the 
framework  of  a  highly  idealized  model  system,  conceding  that  the  severe  simplifying 
assumptions  and  approximations  employed  may  limit  the  applicability  of  this  model  to  other 
experimental  configurations. 

Consider  an  IR  beam  undergoing  specular  reflection  off  a  metal  surface  lying  in  the  x-y 
plane  of  a  right-handed  coordinate  system,  with  the  beam  propagation  direction  making  incident 
and  outgoing  angles,  0,  relative  to  the  metal  surface  normal,  z  .  We  adopt  the  standard  notation 
[68]  for  describing  the  polarization  of  the  IR  beam  in  terms  of  two  perpendicular  components: 

"p-polarized"  for  which  the  electric  field,  Ep  =  Ep  ep ,  lies  in  the  plane  of  reflection,  and 

" s-polarized"  for  which  Es  =  Es  es  is  parallel  to  the  metal  surface. 

We  further  define  the  plane  of  reflection  as  the  x-z  plane,  and  es  to  be  parallel  to  y ,  i.e.: 


=  sin  0 

es»z 

=  0 

(Bla) 

=  cos  0 

/V  * 

=  0 

(Bib) 

ep*y 

=  0 

es*y 

=  1 

(Blc) 

We  assume  that  the  pH2  solid  consists  of  hep  crystallites  with  their  c-axes  perfectly 
aligned  with  the  surface  normal,  so  the  same  space-fixed  x-y-z  coordinate  system  applies  to  the 
crystal  field  perturbation  acting  on  the  rotating  dopant  molecules.  In  particular,  we  can  identify 
transitions  having  a  parallel  (||,  AM  =  0)  polarization  dependence  relative  to  the  hep  c-axis  with 
transition  moments  pointing  in  the  z  direction,  and  perpendicular  (_L,  AM  =  ±1)  transitions  with 
transition  moments  pointing  in  the  x-y  plane. 

We  further  assume  that  the  weakly  anisotropic  solid  pH2  crystal  field  is  a  very  minor 
perturbation  to  the  dopant  rigid-rotor  wave  functions  for  J  =  0  and  J  =  1 .  More  specifically,  we 
assume  that  we  can  use  the  free-space  relations  for  transition  intensities  between  Zeeman  sub- 
levels  for  the  dopant  R(0)  [J=l  <—  J=0]  line.  The  electric  dipole  transition  matrix  elements,  p , 
for  rovibrational  transitions  are  given  in  a  particularly  convenient  form  for  polarization- 
dependent  problems  in  Ref.  [91];  simplifying  their  notation  somewhat  yields  for  R-branch 


(AJ  =  +  1)  transitions: 

for  AM  =  -  1, 

fi  =  V2  pR  [(J'  -  M')(J'  -  M’  -  1  )f  (x  +  iy ) 

(B2a) 

for  AM  =  +  1, 

fi  =  -V2  pR  [(J'  +  M')(J'  +  M’  -  1  )f  (x  -  iy) 

(B2b) 

for  AM  =  0, 

P=  Pr  [J’2  -  M 'Y2  z 

(B2c) 
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where:  pR  is  a  reduced  matrix  element  containing  the  effects  of  all  other  relevant  quantum 
numbers  (e.g.  pR  =  pR(v,  Ka,  Kc)  for  an  asymmetric  top  rotor),  and  J'  and  M'  refer  to  the  final 
(upper)  state. 

The  transition  probabilities  are  proportional  [91]  to  the  square  of  the  inner-product  of  ju 

and  the  applied  electric  field,  E  =  E  e ;  i.e.:  P  oc  |  //  •  E  \  .  Thus,  for  the  dopant  R(0)  transition 
we  obtain  for  the  polarization  dependent  transition  probabilities: 


P||,p  oc  pR2  Ep2  sin20 

(B3a) 

P_l,p  °c  Pr2  Ep2  cos20 

(B3b) 

P|I’S  =  0  2  2 

(B3c) 

P_L,s  OC  pR2  Es2 

(B3d) 

Glossing  over  the  steps  [92]  connecting  these  microscopic  transition  probabilities  to  the 
macroscopic  observed  experimental  absorbances,  A,  we  eliminate  spectrometer-dependent  terms 
like  Ep2  and  Es2  yielding: 


2  2 

A||;P  =  k'  pR  sin  0 

=  V2  k'  pR2  for  0  =  45° 

(B4a) 

Ai,p  =  k'  pR2  cos20 

=  V2  k'  pr2  for  0  =  45° 

(B4b) 

A||(S  =  0 

(B4c) 

A_l;S  =  k'  pr2 

(B4d) 

where:  k'  is  an  arbitrary  constant.  Thus,  for  our  present  experimental  configuration  with  0  =  45°, 
this  simple  model  predicts  absorption  intensity  ratios  between  parallel  and  perpendicular 
polarized  features  of  A||(s+p) :  A±(s+p)  =  1  :  3  in  perfectly  unpolarized  (s+p)  absorption  spectra, 
and  A||(s-p) :  Aj_(s-p)  =  -1  :  1  in  (s-p)  PIRAS  spectra.  We  can  also  apply  this  model  to  the 
transparent  substrate  normal  incidence  transmission  geometry  employed  in  the  previous  Edwards 
AFB  experiments  by  taking  0  =  0°,  in  which  case  the  model  predicts  A^p  =  A||)S  =  0;  i.e:.  no 
absorption  features  due  to  ||-polarized  transitions  should  be  observed. 
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APPENDIX  C:  Numerical  Integration  of  Newtonian  Dynamics  with  Velocity  Dependent 
Forces 


We  present  here  an  ad-hoc  numerical  integration  scheme  for  calculating  the  trajectory  of 
a  charged  particle  in  a  magnetic  field: 

F  =  m  a 

F(x, v)  =  q  v  x  B(x) 

with  x  (0),  v  (0)  given,  which  we  adapted  from  several  existing  numerical  integration  schemes. 
Euler  integration: 

x(t  +  At)  =  x(t)  +  v(t)  At  +  V2  a(t)  (At)2 
v(t  +  At)  =  v(t)  +  a(t)  At 

Position  Verlet: 

x(t  +  At)  =  2x(t)  -  x(t  -  At)  +  a(t)  (At)2 
v(t)  =  [x(t  +  At)  -  x(t  -  At)]  /  2At 

Velocity  Verlet: 

x(t  +  At)  =  x(t)  +  v(t)  At  +  V2  a(t)  (At)2 
v(t  +  At)  =  v(t)  +  V2  [a(t)  +  a(t  +  At)]  At 

The  Velocity  Verlet  equation  for  the  future  velocity  requires  information  about  future 
forces,  which  for  the  Lorentz  force  equation  also  requires  knowledge  of  the  future  velocity.  So  a 
way  must  be  found  to  provide  a  suitable  velocity  estimate  for  the  purpose  of  calculated  the  future 
forces. 


In  the  present  scheme,  the  first  timestep  is  taken  using  simple  Euler  integration  over  a 
sequence  of  greatly  reduced  timesteps  (5t  ~  At/ 100),  yielding  x(0),  x(l),  v(0),  and  v(l).  The 
simulation  is  then  propagated  using  this  algorithm: 

x(t  +  At)  =  2x(t)  -  x(t  -  At)  +  a(t)  (At)2 
Vtrial(t  +  At)  =  v(t)  +  a(t)  At 
atrial(t  +  At)  =  (1/m)  F(x(t  +  At),  Vtrial(t  +  At)) 
v(t  +  At)  =  v(t)  +  ‘A  [a(t)  +  atriai(t  +  At)] 

This  method  yields  much  better  energy  conservation  than  the  simple  Euler  method. 
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